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I. INTRODUCTION !

In the interest of building an axial gain cross field amplifier,
analysis was desired for the tapered waveguide (Fig. 1.). A stepped
dielectric profile was chosen to model the 1linearly tapered profile
(Fig. 2). The formulation presented in this paper 1is based on the
geometry of Fig. 3, where a given slab is removed from the step. Par-
ticular interest in the behavior of certain modes in the presence of a
discontinuous dielectric included the TEO,I TMO,I‘ TEM, and several
TEm,n and TMm,n modes.

The original approach taken for the problem was the modal expan-
sion technique. This traditional approach generates -a dispersion deter-
minant by enforcing continuity of certain fields across an interface
between two mediums. Roots (kz as a function of m) are obtained by
finding the zeros of the determinant formed from these boundary condi-
tions. The formulation 1is straightforward, but numerical difficulties
arise when it is translated to code and run. This motivated the need
for a fresh approach to the problem.

The direct integration approach simply involves integrating two

second order linear differential equations for TEm.n and TMm,n modes
(m # 0) or one second order linear differential equation for TEO,n’
TMO,n' and TEM modes. The formulation can handle discontinuous and
linearly tapered (as a function of r) dielectric profiles. Theoreti-
cally, it can also handle combinations of both to produce a general

dielectric profile. Irrelevant of the number of dielectric layers

comprising the profile, the number and format of the second order
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differential equations does not change for a given mode. There are no
Bessel functions, and consequently no need to evaluate Bessel function
expansions in a computer program. A major advantage regards the ability
to analyze the TEM mode for a discontinuous dielectric profile. as shown
in Fig. 3A. This seems logical based on the fact that all modes must
obey Maxwell's equations for a given dielectric profile. In stark
contrast, the modal expansion technique sheds no light regarding analy-
sis of the TEM mode for a discontinuous dielectric profile. Finally,
upon completing the integration, all field components of a given mode
are easily computed using the values of the integration parameters, the
mode propagation constant, and Maxwell's equations.

The code analyzes the geometry of Fig. 3A and its effects on the
following mode types: TMm,n (EHm,n)’ TEO,n’ TMO,n’ and TEM modes. The
user inputs a desired dielectric profile, mode type, and initial coundi-
tions from which the propagation constant k, and all relevant field
patterns (as a function of r) are produced. For TEm’n and TMm,n modes,
an additional parameter, a, is produced which interprets the degree of
hybridization due to the dielectric profile. The program also checks
the orthogonality between any two modes of a given mode type and similar

azimuthal mode number.
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Fig. 1. Tapered coaxial waveguide.
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Step approximation of the tapered coaxial waveguide.
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A. STEPPED DIELECTRIC SECTION
FRONT VIEW
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B. LINEARLY GRADED DIELECTRIC SECTION
FRONT VIEW
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Fig. 3. (A) Stepped dielectric section, front view.
(B)-Linearly graded dielectric section, front view.
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1l.. MODAL EXPANSION APPROACH

The wmodal expansion technique is presented 1in this chapter.
Section 2.1 derives the dispersion determinant for the geometry of Fig.
3A. We start with the scalar Helmholtz equation and proceed to separate }
the variables. The scalar wave functions (eigen functions) are con-

structed, which then allows the appropriate boundary conditions to be ‘

applied at the dielectric interface (r = b). Finally, the dispersion

TN e -

determinant is found which describes the modes propagating in our sys-
tem. Section 2.2 discusses the drawbacks using this approach. We note
that primes in the equations represent the derivative with respect to

the radial coordinate r.

2.1 Derivation of the Dispersion Determinant

The derivation that follows 13 based on that of Harrington! and -

Rothwell.?2 The scalar wave functions for the geometry of Fig. 3 must E
obey the scalar Helmholtz equation written here in cylindrical coordi- §
nates: {
3

, 2 :

where A\

V = scalar wave function
k = constant

The common approach taken to solve Eq. 1 is to separate the variables.

The usual form for the solution is
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ot v = R(r)e($)2(2) (2)

- Following the standard procedure, the separated equations are
W)

)

.i).:

¥ d dR 2

1;5 L [% dr] + [}rr -m|R=0 (3)

el dZQ 2
iy 22 -
,\:. 2 + m® =20 (4)

L d¢

2
- $2 442z -0 (5)
:5‘.. dz

prre

et where

Py

k. + k_ =k
z

o Solutions to Eqs. 4 and 5 are harmonic functions. Equatiom 3 is

o known as Bessel's equation of order m and argument kr * t with solutions

having the general form

where

N Jm(ktr) = Bessel's function of the first kind
R
) Ym(krr) = Bessel's function of the second kind

o A, B = constants

!

}

N

» R(r) = Zm(kr, r, A, B) 2 AJm(krr) + BYm(krr) (6)
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and k. may be real or imaginary. Solutions to Eqs. 4 and 5 are of the

form

%(¢) = cos (m¢) 1)

¢(¢) = sin (m¢) (8)
-jk_z

2(z) =e 2 9)

where kz is the propagation constant. The scalar wave functions for

each region of Fig. 3A are:

Region 1
w;ml) = z;ml)(k T, A, A2) cos (mé) érjkzz (10a)
'¢;el) - Z;el)(krl, r, B, B,) sin (m¢) e-jkza (10b)
Region 2
w;“Z) - Z;mZ)(er' r, €, C,) cos (me) e-jkzz (11a)
w;QZ) - z(eZ)(krz, £, D, D,) sin (m¢) e“jkzz (11b)

where A, Bi' and D, are constants ({f = 1, 2). The superscripts m]l and
m2 denote the contributions from TM modes for regions 1 and 2; the
superscripts el and e2 denote contributions from TE modes for regions 1
and 2. The separation equations which the wave functions must satisfy

are:
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k2 + kf_ = k2 = wle (12a)

z 1 1 11
o
2 2 2 2
+ = -
| kz kr2 kz w ezuz (12b)
N
-.:_\
for regions 1 and 2, respectively. The resultant electric and magnetic
fields in each region have contributions from both the TE and T™
._\:
AS- modes. Consequently, hybrid modes will propagate in our system.
[
Boundary conditions were applied to the following field components
written in general for region 1(1i =1, 2):
mk
- z ,(mi) (e1)
Eo \:meir Zp  (epge T Kpy Kp) ke 200 (k0 vy Ky, )
oy -jkzz
2 sin (m¢) e (13a)
oy 2 -jk_z
g k z
Lo B = Il (0 (ypyr Fy Kss Kg) cos (mh) e (13b)
] 2 jwe1 m
mk
- - (mi) + 2 olel)
H¢ [}tizm (kri' £ K7’ KB) wh, T Zm (kri’ i l(9’ KIO)
340 -jkzz
N cos (m¢$) e (13c¢)
oA
>
v,
,Q
Y
: kii (el) -jkzz
;.:: H = Tou, z (kri, T K Klz) sin (m¢) e (134)
o
A

where I; ({ = 1, ..., 12) i{s a constant.




For compactness, we define the following constants:

Y;(krlb)
J;(krzb)
Yé(krzb
J;(k?zc

B Yn(erc Y;(krzc

We are now in a position to evaluate the following boundary conditions:

at r = a and r = c. Applying the above boundary conditions to Eq. 6 and

using Eq. 14, we have
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: at r = a and

(17a)

(@]

»

!

O
m}m

m
’
'
o
wl.

(17b)

-]

) at r = c. Using Eq. 6, we eliminate A,, Bz. CZ’ and D, with the aid of

gy Eqs. 16 and 17,

), ‘ (ml)

-1
¥ vy = Az (k. T, 1, -55,7) (18a)

‘;2 w(el)

' ' -_1
. M Blzm(krl, r, 1, ’51(52) ) (18b)

for region 1. and H

L (m2) _ PR |
L Vo clzm(krz, r, 1, -S,Sg ) (19a)

A (e2) _erfar)]
al vy = D2k T, 1, -85(53) ) (19b)

" for region 2. At the dielectric interface (r = b) E¢, E,» ¢’

must be continuous. Using equation sets of Eqs. 13 and 14 for each

H and Hz

J
4
}g& region produces:
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¢ E¢ Continuous
)
1 Sl Almkz S!
S, - S S! - 8! —| B .k
W T
3 4 S2 melb 3 4 82 1 rl
2 S, C mk 5!
2 _ 7 17z v oer 7 -
. SS S6 S, | we,.b SS 86'§T ler2 0 (20)
Y 8 2 8
¢ E_ Continuous
1)
)
B! s.7 A k? s_7 c. k2
W s3-sl.s—l lrl-ss-s6s_7 112 .9 (21)
. 2| €1 8| €2
A
0,
> HQ Continuous
“
O S S'] B, mk
\ st -8 lAk . -]S, -5, | L ?
3 4 §; 1 rl 3 4 3;' EFIE‘
)
»
',
Ca
S S| Dymk
> 7 7 1™z
' + - ! + - =
; S5 = Se 5| %1% Y [Ss " SesT|mim = O (22)
b 8 8 2
>
P H Continuous
az z
' 2 2
S B .k
{ s —s—l,-—l-—r-l--s-s_z.nlk"z-o (23)
fL
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p M
. To further simplify Eqs. 20 through 23, we define the following con- a
L) ’*
o stants: =
0 1
v :
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G) = S283 - 5154 G5 = S558 - S¢S7
€, = 835, 7 518, Gg = S5Sg ~ 5457
€3 = 8,837 5,5, G; = S5Sg - S¢57
Ga = s'85 - sisz Gg = SiSg = S¢Sy (24)

With the definition of Eq. 24, Eqs. 20 through 23 become

[ Twrarare

nGk, + B Ggkpy -c Gk, - D Gglra -0 (25)
1 melbsz 1 Sé 1 wezbss 1 Sé
2 2 ..
G k G k
Aesr -G aea 0 (26)
€1°2 28
G3kr1 mGZkz Ggkra mGzk,
A "hewmrtG s "m0 (27)
2 “u) 859 8 WioDS3g
2 2
G, .k Gk
nl—z-g;l,'—l--ol—ls—fl-o (28)
4152 H25g
W
for E¢, Ez, H¢, and H,, respectively. Based on Eqs. 25 through 28, the
characteristic equation in determinantal form is
-‘
L.
r-
X
r
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=0 (29)

=0 (30)
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“": This determinant represents solutions for hybrid modes and columms
X

oy

P 2d marked T™ or TE denote the relative contributions to the hybridiza-

BN

- tion. In general, the zeros of this determinant 1fe in the complex

W,

4 :C plane.

o

3‘. If we set m - 0, the determinant simplifies to
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Determinant Eq. 30 is the uncoupled version of Eq. 29 and it represents

,4Q - solutions to pure TE and TM modes. This is illustrated by interchanging
Y

the first and third rows of Eq. 30, producing

K, hfo

g -".'u&.'}_-?.;_ &
lor |
o

P -
o,
s
[en]
lor |
N

nl'“

4
‘g f'l‘l'

where

W for TM modes, and

r2

L)
@
Y

for TE modes.

» - 15 -

n - ' -.!p r '.' . . . W ._.\, - MR .‘.
v}., ‘,\ I : ol e _._.\., ._-A_-'.h \. ANt
g - . A . s N I Y P J“_' Cal " ot _\(.

’ O . : ARt > :‘ 50 || o ‘
'mf'.e,':.'- L ‘u" it 0“0".""’ ".W‘u B e WAL LA IR RN IR G «‘ ityiate it R




G

,‘._

AN

:f:r: 2.2 Drawbacks '

% T

e As dielectric layers are added to the profile, the increasing
‘i number of continuity conditions applied at each interface results in a
:‘ dispersion determinant that grows as the square of the number of transi-
h'i tions. This drawback has two consequences. The first 1is that the
\ dispersion determinant must be rederived for each new layer of dielec-
-: tric added. The second is, obviously, the increasingly complex deter-
- minant for which a zero must be found.

._-:-_‘f: The modal expansion approach is a technique where continuity of
}izs:s certain field components is applied at the boundary where the character-
Co istics of the medium change abruptly. Cases where the dielectric is
tapered continuously as a function of r cannot be handled by this formu-
.‘ lation. Another drawback results from numerically approximating
N Bessel's function in a computer program. Problems arise when the argu-
':E'E ments of the expansions used approach zero due to k. approaching zero.
z:s Instabilities and/or numerical overflow result, placing restrictions on
. investigating modes which are in transition between the fast and slow
>,

'.r.. wave regions of the structure. Due to the above mentioned problems, we
AR

:}; could not analyze the dielectric loaded coaxial waveguide success-
.f:? fully. This led us to develop the technique described in the next
:::::-;,: chapter.
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I1I. DIRECT INTEGRATION OF MAXWELL'S EQUATIONS

This chapter will lay the foundations used to calculate the elec-
tromagnetic dispersion of a coaxial waveguide with an arbitrary radial
dielectric profile. Starting with Maxwell's equations,3 Section 3.1
will develop a coupled second order differential equation system in the

radial coordinate. The propagation constant sought, k is found by

z’
integrating this system of differential equations at a given frequency
{(w) and azimuthal eigenvalue (m). Integration 1s performed using a

"shooting”™ method, where the shooting parameter, k is varied until

z?
certain boundary conditions are satisfield. Section 3.2 discusses the
initial and boundary conditions used in the integration. For discontin-
uous dielectric profiles, Section 3.3 formulates the jump conditioné for
the equations. The equations for the field components, which are
directly obtained from the solutions to the integration, are given in
Section 3.4. The normalization of the field components and computation
of orthogonality are discussed in Section 3.5. Finally, in Section 3.6,
the equations are transformed into a format suitable for numerical
integration. We note that boldface type will represent vector quanti-

ties.

3.1 Derivation of the Differential Equation Systems

The general Maxwell's equations for a region free of charges and

currents (p = 0, J = 0) are

VeE=DO (31a)
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& VeB=0 (32a) "
: ap ;
:‘ VUxH= I (33a) :
: s,
: VxE=- %% (34a) “

For linear dielectric media, the following relation holds:

1.:
| D = ¢k (35) jz"t
5 ‘st
; -

The formulation will be 1limited to the case where u = Yo (uo is the s

\ U
h permeability of vacuum): f
™

. WA
3 4
*

B = uoll (36) !

w
E Assuming harmonic variation and uniform propagation in the +z direc- %;
A j(wt—kzz) 9
i, tion, e » Eqs. 3la through 34a become s
b
3 ’ ."

VeD=0 (31b) -;

.
% VeH=0 (32) )
y
) V xH= juD (33b) .s.
K) é
K YUXxE= —jmuoﬂ (34hb) -
P v
: :
K where Eq. 36 was used in Eq. 34b for B. Rewriting Egs. 31b through 34b 1
3 v

in cylindrical coordinates yields

K- N
K. 3D D 3D D L
r,1 0 Pz Or
o 3 ¢t r 3¢ t3z YT 0 (31c) $
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-r-'ﬂsr"'-sz—-"'-r—'o (32¢)
jud_ =0 (33¢-r)

®L- W, OH_
- -'a—r--i--a?-— ij¢ =0 (33c-4¢)

oH oH H
-a?#—— 1 -5—4--1- ju)D (33¢-2z)

9E 3E¢

1
=z __2° - 4o~
3% 5=+ JuupH 0 (34c-r)

3E, 9E

r
BT S (34ee)

3E 9E 3
. _1_xr ¢ -
dar T 9% r * JuugH, =0 )3be-z)

The following polarization is chosen for the ¢ dependence:

Dr(r, $) » Dr(r) cos (md) (37a)
E (r, ¢) »E (r) cos (m) _(37b)
D¢(r, ¢) + D (r) sin (m¢) (37¢)
EQ(r, $) » E (r) sin (m¢) (37d)
Dz(r, $) » Dz(r) cos (m¢) (37e)

Ez(r, $) + Ez(r) cos (mé) (37f)

Hr(r. $) (md)



H¢(r, $) + H¢(r) cos (m¢) (37h)

Hz(r, $) » Hz(r) sin (m$) (371)

Using this polarization in Eqs. 3lc through 34c-z and canceling common

cosine and sine terms gives

=35> -k - jub, = 0 (33d-¢)

Z
-5 + jsz¢ + jwuoﬂr =0 (344-r)

oE

z
-5 ~ JkE_+ jwuoﬂ¢ =0 (34d~¢)

oE mE E
4 ——— -i = -
e + = + + jwuoﬂz 0 (34d-2z)
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Equations 31d through 34d-z will provide the basis for determining a
system of second order linear differential equations. Before proceed-
ing, we further assume that € is a function of the r coordinate only.

We begin by solving Eq. 34c-¢ for 353 and then using the constitu-

or
oD
tive relation (Eq. 35) to generate 3;5. which yields

325 -E 2 _ jupeH + 4k D =0 (38)
or z 9r 3 Yo ¢ J z z

If we solve Eq. 31d for jD, and then take the radial derivative, we have

2
a(sp,) | ¥, .1 ™, D . me 9, ™ ae "Byl (39
—r ;:2— T or ;7' T or r or rZ* E:

where the constitutive relationship for D¢ was used. By taking Eq. 39
D
and substituting for 3;5 in Eq. 38, we can solve for 82Dr/3r2,

P 10 D me o Mpoe My b2 aw s
3 2 r or 2 r 9dr r ar 2 zZ z or 0 z ¢ zr
r r r

(40)

In order to put Eq. 40 into a form involving only electric field com-
ponents and their derivatives, we substitute for H¢ and Hz from Egs.

33d-r and 34d-z, respectively,
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3(lnx) _ 1 3x
R (42)
K2 - mzuoe (43)

Equation 41 represents the first half of our differential equation

system.

To generate the other half of our differential equation system, we

take the radial derivative of Eq. 34d~z and solve for aZEu/QrZ:

9 E 8D mD oFE dE E E
_.21 _m_ _r r_12e ¢ _1_"¢ __¢ 3¢
. =~ Tedx T rze € r or Tr r Te ot T :%

M, JumgH, 5

= Juug 37 €

(3]

(44)

Q
",

where the constitutive relation for Er was used. Using Eqs. 33d-¢ and
]|
34d-z, a solution for 3;5 as a. function of E¢ and E, 1s obtained.
9H
Substituting 3;£ into Eq. 44 yields

2
3 E J9E
¢ 2 _ .2 1 _13(ne)| _ "¢ |3(ne)
E¢ [kz LI r2 r or ] or [ or r]

_m_ aDr + wD,. + Jumk D, _ H 9(1lne) (45)
re ar r2e TE qu0 z or

where Eqs. 42 and 43 were again used. Equation 45 is finally put into a

form involving only electric field components by substituting for D, and

H, from Eqs. 31d and 34d-z, respectively:

2
3°E 2 9E D
- 2 _ .2 m_ +1 1_9¢ r|{2 , 3(lne)
;:71 E¢ k, = k” + rz ] -T3- ¢t :3:-[r + =5 ] (46)
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Equation 46 completes the formulation of the differential equation
system.
Upon normalizing Eq. 41 by dividing by co (permittivity of vacuum)

in order to have consistent units with Eq. 46, the second order differ-

ential equation system is

— — ——————— ey

z 2 r re r or
r

2
3°E 2 3E, mD
¢ E, [kz_k2+Lt_LJ.%_i+_1:._£+l$.1_‘1£l] (47b)

where € = € € (er 1s the relative dielectric permittivity). Equation
47 1s used to find the propagation constant, k;, for the TEp,n and ™n, n

modes as well as the ”TEm’n like” (HEm,n) and "TMp p like” (EHm’n)modes.

For the special case of m = 0, Eq. 47 becomes

a%p D aD
rl _r|.,2_,2 1 1 3(1ng) 1 r{d(lne) 1
8:2 € eo [%z ko + r2 M T ] + eo or ar r] (48a)

Equation 48 1is the uncoupled form of Eq. 47, with Eq. 48a applying to

™o, n and TEM modes, and Eq. 48b applying to TEQ,n modes. It is inter-

esting to note the analogous relationship between Eqs. 47 and 48 and the

dispersion determinants of Eq. 29 and 30.
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3.2 1Initial and Boundary Conditions

For TEO,n’ ™p n, and TEM modes, a one-dimensional “shooting”
method is used, with k; being the shooting parameter. However, “TEm’n
like™ and “Tum,n like” modes require a two-dimensional “shooting”

method. The shooting parameters here are k, and the dimensionless

parameter a, which we define as

M,

cODr

a = (49)

at r = a and cg = speed of light in vacuum. The degree to which a mode

has characteristic TE behavior (Hz component dominant) or characteristic
T™ behavior (Ez component dominant) is represented by a. The initial
magnitude of a points the integration in the direction of an HEm,n or

Eﬂm,n mode when a nonuniform dielectric is present. When the boundary

conditions are satisfied, the final magnitude of a describes the degree
of actual hybridization. There are two limiting cases for a which occur

when a nonuniform dielectric profile approaches a uniform profile:
Iul + 0

as pure TM modes are approached, and
Ial ~ 10

as pure TE modes are approached.
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Integration of Eqs. 47 and 48 requires the value of a given field
component and its derivative wwith respect to the radial coordinate at
e the inner conductor of Fig. 3A (r = a). The tangential electric field

' Y
: components must satisfy the boundary condition

.ﬁg E =0 (503)
[ ¢
O
ot E =0 (50b)
.0 z
f'f
x’: at r = a2 and r = ¢, respectively. Using this result in Eq. 31d and 34d-
r
i " z yields
L2
3D_. D )
e r __r_ -
ot T 0 (51)
3E uE
r
: = [‘r + iwo“z] (52)
o
_..:
I Using Eqs. 49 and the constitutive relation for E,, Eq. 52 becomes
2
e 3E we_a D
Y r m|r
o Fi--[c +?]e— (33)
s 0
E) N
;;:"n‘ Summarizing the initial conditions for uniform and nonuniform dielectric
,_'.‘}; profiles:

1. Equations 50b and 51 are used for the ™; , and TEM modes.
’
2. Equation 50a is used for TEQ, n modes.

3. Equations ‘50, 51, and 53 are used for TEm,n (HEm,n) and

TMm'n (EHm’n) modes.
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b As mentioned, the "shooting™ method varies the shooting parameters
2
Pl until the boundary condition at r = c is satisfied. For TMg , and TEM
N, modes, Eq. 50b must be satisfied, while TEy , modes require Eq. 50a to
. h 14
‘ \
§§ﬁ be satisfied. Finally, Egqs. 50a and 50b are combined to form the bound-
‘.. ary condition for TEy n (HE, ) and My n (Eﬂm’n) modes:
:3
o |EZ+E2-0 (54)
n" ) 4 ¢
é'g. .
A
AN We note that for the two-dimensional shooting, kz enters only in the
o~
.E? differential equations and does not appear in the initial or boundary
e
¥
e conditions. Conversely, a enters only in the initial conditions and
a
'%u does not appear in the differential equations. '
'
R
N 3.3 Discontinuous Dielectric Profile Formulation
L . When discontinuities in the dielectric profile are present, as in
>
}fi Fig. 3A, integration of Eqs. 47 or 48 cannot proceed past a discontinu-
"‘-" anr dE
.J. ous point unless expressions for T and 3?1 can be developed.
;Q? At the dielectric interface of Fig. 3A, the following field com-
s
“w
¥ : ponents are continuous:
‘-"
_:.
o pl1l . pl2] (55a)
R r r
2
o [y _ 2]
W E = E (SSb)
A ¢ ]
N
N gll] . gf2] (55¢) .
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(1] o 4l2]
30 u¢ (55d)

alll o yl2] (55e)
z z

where superscripts 1 and 2 denote the dielectric regions. Substituting

(1]

for Ez and Eizl, using Eq. 31d, we generate Eq. 56 from Eq. 55c,

(1] _[1] [1] (21 _.[2] [2]
9D D me.E 3D D me E
T 17¢ 1 r 27¢ 1
[% tT—t—= ]q'{wr + o+ =5 JE; (56)

where el and ez represent the dielectric permittivities of regions 1 and

2, respectively. Solving Eq. 56 for BDEZ]/ar,
8D£2] €y 8D[1] €, D[ll
ST I L (57)
or el ar € 1 r

(1]

Similarly, we substitute for Hz and Hizl, using Eq. 34d-z 1into Eq.

55e,

(1] (1] (1] 2] [2] (2]
[a% +EQ} 1 +mDr -[:BE¢ +E¢ ] 1 +mDr (58)

or r wuo tel ar r wuo re2

3 !2]
Solving Eq. 58 for -3%——,
33;2] 3E£1] €2 lel]
- vt E; -1 Te, (59)

For the special case of m = 0, Eq. 59 becomes

i
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Wl
oy ar:iz] asi”
whe 3r . or (60)
o)
'.: Summarizing Eqs. 57, 59, and 60 for reference (Eq. 57 1s divided by eo),
X ) .
s 2 Sy N
% BD[ ] € 3D[1] € D ]
L) r 1 2 r 2 r
e B R R G (61a)
. 0 01 1 0
N
E)
R
e sf2] el e ap!1]
N ¢ - ¢ + ._2 - - (61b)
or ar € re
1 2
P,
)
"'E Equation 61 is used for TEp,q (HEm,n) and TMp (Enm,n) modes.
Q!’ A,
et ap!?! e, a1 re p!!}
'l'i j r l—_ = 2 r + _.g. - r (62)
. d ]
3 R r eo eoel r el eor
e
N Equation 62 is used for ™o, n and TEM modes.
53
g
el aEizl azill
" _*‘ =
oS! or aR (63)
e
J
Qo
"}:a Equation 63 is used for TEp , modes.
.ﬂ
Bl
”:5 3.4 Field Equations
L GIAN The following field cowmponents may be computed once the param-
Fiva
5y Dr 1 3Dr JoE
'-g-: eters ?:—’ E¢, eo T and 3-;9; have been determined. Equations 314,
B
34d-z, 34d-r, and 33d-r are used to derive Eqs. 64 through 67, respec-
Yo tively,
s
."-F.
"
)] D meE
r r ¢ 11
- — 4 — — 4
jl)z [ar +r * r ]kz (64)
)
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\: jH --_i+r_¢+_£_l_ (65)

+k E|— (66)

(67)

,253 3.5 Normalization and Orthogonality Relations

Once computed, all field components are normalized with respect to

Lay s Poynting's vector taken over the cross-sectional area of the waveguide:

" S =S S By

e
3

L]
S
—
=
o
X
.
=
[« W
>

Jf{ = I [ [E *H - E * Hr,k] <rdr d¢ (68)

where

f;z 62,k = Kronecker delta function

fa! dA = r dr d¢

ok n = unit vector normal to dA in +z direction
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Normalization for a given mode requires computing Eq. 68 with £ = k
using the unnormalized fields, taking the square root of the absolute
value and dividing each component by the result,

Orthogonality between two given modes £ and k (£ # k) is an impor-
tant condition that must be satisfied in order to have any confidence in
the solutions for k, g and k, k+ Equation 68 is used to evaluate the

orthogonality between the normalized modes £ and k. Due to the normali-

zation, Eq. 68 gives the value of 1 when self orthogonality is computer

(L = k).

3.6 Form for Numerical Integration

Integration of Eqs. 47 and 48 1is facilitated if they are trans-

formed into a dimensionless form. We define the following normaliza-

tion:
r, .% (69a)
where
ad<r<«<ec
As a consequence of Eq. 69%a, we have
’a—g"—a?" a %-‘ (69b)
0d 3[;]

Using Eq. 69, Eq. 47 becomes
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— e |(kg-k)a I Bk s e

A aD 2meE
3 sl riiee) LG, ° ¢ (70a)
o

B ‘.:' 2

b~ 3K 2 2y 2 . wi+1| 1 % a2 . 3ine)|
o — g, (k) - k)t + Bt -t e S| 0w
Rl 3(ry) T, 0 0
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Similarly for Eq. 48, we have

o 4

9D D -
e r 1 r 2 2y 2 .1 1 3(lne)
o —g e (- k) a" + 5+ =5
4 -“‘. 3(1‘0) 0 0 ro 0 0
ot
= aD
s.:' 0 0 0
N 32E 2 2y 2 1 1 3E
) — o aE (- v -2 (71b)
. 2 ¢ z 2 r_ ar
: 3(zpn) r 0 0
\h.- 0 0
ey
.;ﬁ
. Equations 70 and 71 are dimensionless.
0
The jump discontinuity equations, Eq. 61, 62, and 63, are also put
KA,
Q&- into dimensionless form, since they are used in the integration process: i
[ » .
ar E
" )
e aal2] e. aplll e pf1] ‘
a 5§ '%‘ " T i a§ + Eg -1 srt (72a) ;
e 0 0 01 0 1 00 {
- {
’xq J
1
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a2l et re ap!1]
S: = a: He - e (72b)
0 0 1 02
[2 (1 (1] 3
ap!2] e. aplll ¢ D &
r 1 __2 r Ll 2. r (73) -
aro eo eoel aro el eoro
[2] {1]
oE J9E
9 - () (74)

3r0 ‘5%0

A

-
-

S

The IMSL routine DGEAR (see Appendix A.l) 1is used to integrate

Ve e

-n
!

Eqs. 70 and 71. But DGEAR requires a first order linear differential
equation system. To accomodate DGEAR, Eqs. 70 and 71 must be trans-
formed into a first order linear differential equation systenm.

For TEm,n (HEm,n) and TMp n (Eﬂm,n) modes, we define the following

variables:
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Yi = E‘; (76a)
3Y2

Yi =3 (76b)
0

Yé = Yl (76¢c)

Yz = Y2 (764d)

where the prime denotes the derivative with respect to the normalized

radial coordinate. With the aid of Eqs. 75 and 76, Eq. 70 becomes

2 2meY
Y' = Y (kZ_RZ)a2+L‘0'_}_+l_3_(_l_tl_€_) + Y M-.l_ +___4,
1 3 z 2 r ar 1l dr r 2
T 0 0 0 0 r
0 0
(77a)
2 Y mY
Yé - Ya (k2 _ kz) aZ + B ; 11 _ 2 + 312 aglne) (77b)
z r T e | T T,
Y'=Y 77
3 1 (77¢)
! =
Y4 YZ (77d)

Equation 77 constitutes the first order differential equation system

which is integrated by DGEAR.

Similarly, for TMy , and TEM modes, we define
b4




R D 4
o Y, = -a?‘l—:— (78a)
2% 0 o .
l(’ e
p? |
Yz - — (78b)
& €5 \
t
\) !
‘-"’ :
t:; 3Y1 t
3 ' & e A
4_(; Yl 3r0 (798) A
L ¥, ¢
» V'. t =
o ¥, =Y, (79b) (
B )
W ‘
. With the definition of Eqs. 78 and 79, Eq. 71la is transformed: d
) ¢
s g
i [ (1ne) '
¢ 2 2, 2 1 1 3(lne g
& ' = - — — el
‘.:2! Yl ¥ (kz k ) a ¢+ 2%t Tar
R r 0 0
- L 0 -
f -
‘o a(lne) _ 1
f‘ Y ar T (80a)
i |0 0
AL
! =
Y=Y, (80b)
Finally, for TEO,n modes, we define
oE
Y, = % (81a)
1 T
0
Y2 = E¢ (81b)
aYl
! B
. Yl ar (82a)
l"‘l 0
ke
W
b 55 Yi - Yl (82b)
T8,
.‘p’
2N
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Transforming Eq. 71b using Eqs. 81 and 82,

Equations 80 and 83 represent first order linear differential equation
systems integrated by DGEAR.

Another requirement for DGEAR is a system of partial derivatives

PDj,y defined as the partial derivative of Y] with respect to Y4 In

2 2 2 1 1
(kz-k)a +—2- -?0-
To
' =
Y2 Y1

light of this definition, Eq. 77 generates

2
PDl,3 = [kz

- 9(lne) _ 1
PDl,l or T (84a)
0 0
PDl,Z = 0 (84b)
2, 2 m2+1 1 3(lne)
-k]a +—-—2—-+?— - (84c)
Ty 0 0
PD - 2DE (844d)
1,4 r2
0
P = 0 4
®2,1 (84e)
PD, , = - = (84f) i
2,2 Ty -
=12 d(lne) | m
PDZ,3 T, + or :l T € (84g)
0 0 0
"
:
L
"
- - [
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2 )
2 2 2 m- +1 )
PD, 4 = [k, - k°] a° + =—5—= (84h) 1)
To &
K]
Wi
PD -
3.1 1 (841) \
‘7'
o
PD - 4 _
3,2 0 (843)
‘1
5"
PD = 0 (84k) e
3,3 B
o
’o:i
- )
903’4 0 (842) b
i
¥
N
PD4,1 =0 o (84m) -
)
b
PDl.’2 =] (84n) ’t
0
= ‘l
PDa,3 0 (840) -;
3
PD, = S
4,4 0 (BAP) ;‘
i
N
Equation 84 represents the partial derivative system for TE (HE ) *
m,n m,n W
and TMp q (HEm,n) modes. Repeating the process for TMp , and TEM modes, 3
Eq. 80 produces the partial derivative system, t:
3
.)
3(lne) 1 X
PD ALY A N (85a) 2
1,1 ) L
oo To N
t
05
%
3
- 36 - 1
]
Gl " s LI Y W LS S LR -., '-'-"\J'& wn\\-.\-."' I ES R VS oh, "\.
L

\“\’




: e (2 - 27 .2 1 1 _ 3(1ne)
3 PDI,Z [kz k ] a”~ + - + ro —-s-t-(-)— (85b)

b 0
i‘ﬂ_'.

. PD =1 85
5 2,1 (85¢)

.-'
.1
e PD. , =0 (85d)

i 2,2
- e

!
By
;:::. Similarly for TEO,n modes, Eq. 83 produces the partial derivative sys-—
ke

NN tem,
'i"

rod
:f: PD =L (86a)
N l,l to
3 #
‘.’-.
»- PD, , = [k2 - k2] a? +1 T (86b)
1,2 z 7

L T

0

-I'
N

"' = ] 86

PDZ‘I (86c)

\
N

<

X PD =0 86d

2 2.2 (86d)

.!4
9]
’_.*- With the first order different{al equation and partial derivative equa-
}:: tion systems constructed, we now turn our attention to initial and
"

boundary conditions. 1In each case to follow, we are free to choose the
.)-: value of one variable, since it affects only the magnitude of the
W

” results,

» Dr

. Choosing ras 1 coupled with the aid of Eqs. 50, 51, and 53, Eq.
Ny 0

-.:;: 75 ylelds the initial conditions for TEm,n (HEm,n) and ™, o (EHm,n) ;
.'i: modes, .
= &,
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o Y = -1 (87a)

+2 L (87b) y

"y Y, =1 (87¢c)

1§

Y =0 (874)

(¥R St E Y g

where er is the relative permittivity at the boundary (Fig. 3). The

-

corresponding unnormalized field components are

- - (88a) |,

Y -
N -2 '
& = -2 (88b) ;
o D_ =Y. (88¢c) 4
an E =0 (88d)

o' For TMO,n and TEM modes, we again choose EE = 1 and use Eqs. 50b and 51

0
R~ from which Eq. 78 yields

i Y = -1 (8%a)

Y =1 (89b) !
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are

(90a)

(90b)

3E ’
Finally, for TEO,n modes, we choose 5?1 = ] and the use of Eq. 50a from

which Eq. 81 yields

Y =1 (91a)

Y, =0 - (91b)

a
m
-

—

(92a)
E =0 (92b)

The boundary conditions that must be satisfied at r = ¢ 1in the
shooting method are taken from Eqs. 50 and 51. For TMO,n and TEM modes,
we have from Eq. 51,

Equation 50a is used for TEQ,n modes,
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Finally, for TE, , (HE, ;) and Tn,n (EH, ;) modes, Eq. 54 yields the

boundary condition
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IV. PROGRAM OUTLINE AND USE '

Chapter 4 presents the key aspects of the computer program used to
implement the'theory and equations of Chapter 3. Section 4.1 starts

with an overview of the program, showing the general flow of logic. The

techniques used to handle a general dielectric profile are discussed in
Section 4.,2. The process for finding a mode is presented in Section

4.3.

4.1 Program Flow

The Fortran code is 1laid out in blocks with a number and comment
delimiting each block. If necessary, a block will include a brief
explanation of its function. The blocks making up each procedure (main

program and subroutines) are presented below. Any variable used in the

discussion is defined in Appendix D.

Main Program (COAD7R)

1.00 INITIALIZATION SECTION
Initialize constants and logicals used throughout program.

1.10 VARIABLES USED IN ZREALI

Initialize variables used in the calling argument of the F

D!

zero finding routine ZREAL]. g

o

o

1.15 VARIABLES USED IN EO4JBF o

R

Initialize variables used in the calling argument of the ;

v’

minimization routine EQ4JBF. &

%

N

-

o
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Ay a
L,

§ 1.20  VARIABLES USED IN DCADRE E
j: Initialize variables used in the calling argument of the t
‘ﬁ, integration routine DCADRE.

'gz 1.30 SET DEFAULTS

bﬂ Initialize constants and logicals which are input parame-
> ters.

-‘l

_3 1.40 OPEN NAMELIST AND PRINT FILES

¥ Input variables are read in via the NAMELIST file. The
’: print file COAD7P is opened.

:5 1.46  CHECK MODE LOGIC

2; A check is made to ensure that only one mode type is
;E chosen. )

:_, 1.47 DIELECTRIC TAPER

X If desired, a linearly tapered dielectric profile is con-
,SE structed.

izz 1.50 INITIALIZE DIELECTRIC AND RADIAL ARRAYS

Tj 1.52 DEFAULT FOR NJUMP EQUAL TO ZERO

;E Initialize NJUMP equal to zero. Set default values for
3% DRATIO(1), AJUMP(1l) and IJUMP(1).

& 1.54  EXAMINE DIELECTRIC PROFILE FOR ANY DISCONTINUITIES

;;ﬁ Assign appropriate values to pertinent arrays when a dis-
gé continuity is encountered.

;; 1.59 PRINT OUT PHYSICAL CONDITIONS

:; Variables representing physical conditions are written to
;J the output file COAD7P.

I W% P ) e,
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1.60 SMOOTH DRELD AND DRELN
:_ Discontinuities, 1f any, in DRELD and DRELN are removed.
1.65 INITIALIZE DIFFERENCE ARRAYS
1.70 GENERATE SPLINE COEFFICIENTS FOR DRELA AND DRELN
1.90 OUTER LOOP ON MODE NUMBER
This loop evaluates K distinct modes.
2.00 OUTER FREQUENCY LOOQP
This loop finds the propagation constant kz at L distinct
frequencies for the kth mode.
2.10 CASE FOR TEO,n’ TMO,n’ OR TEM MODES

The propagation constant kz for the TEO,n’ TMO,n’ or TEM

mode is sought. i
2.15 CALL ZREALIL
The zero finding routine ZREAL]l is called.
2.20 CASE FOR TEm,n OR TMm,n mode is sought.
2.30 CALL EO4JBF
Minimization routine EO4JBF is called.
4.00 EVALUATE FIELD COMPONENTS
Depending on the mode type chosen, initial conditions are
set for one of the following pairs of equations:

TEm,n and TMm,n modes : equations 87 and 88

TMo,n and TEM modes : equations 89 and 90

TEO,n modes : equations 91 and 92. %:

4.10  SET UP FOR DGEAR X

Initialize variables used in the calling argument of the

5
integration routine DGEAR. !
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£.15 SET UP FOR NEXT INTEGRATION
Depending on the mode type chosen and if integration is
currently at a discontinuity in the dielectric profile,
compute one of the following cases:
TEm,n and TMm,n modes : equations 61 and 88

TMO n and TEM modes : equations 62 and 80

TE, modes : equations 63 and 82.
,n
4.20  UNNORMALIZED FIELDS
Depending on the mode type chosen, compute the remaining
field components.
4.30 Define difference field arrays for one of the following
mode types: )
TEp n and TMm,n modes : ERD(1), DTD(1l), DZD(1)
TMO,n and TEM modes : ERD(1), DzZD(1)
TEO,n modes : DTD(1)
4.45 SMOOTH DIFFERENCE FIELDS FOR SPLINE PURPOSES
If necessary, the difference field arrays will ©be
“"smoothed” for one of the following modes:
TEm,n and TMm,n modes : ERD(1), DTD(1l), DzZD(1)
TMO,n and TEM modes :+ ERD(1), DZD(1)
TE; , modes : DTD(1).

5.00 CALL NORMALIZING ROUTINE

Normalize field components of a chosen mode type.




7.00 END OF OUTER FREQUENCY LOOP-
7.20  PRINTOUT RESULTS
For a given mode type, write appropriate results to file
COAD7P.
7 .40 PLOT DATA
For a given mode type, plot appropriate graphs of field
components and write to file COAD7P.
7.60 CALL GRAPHING ROUTINE
For a given mode type, appropriate field components are
plotted and hard copy printouts are made.
7.90 END OF OUTER LOOP ON MODE NUMBER
7.95 ORTHOGONALITY CHECK T
Orthogonality between two chosen modes is evaluated by
computing Poynting's vector over the cross-sectional area.
8.00 TERMINATION

9.00 FORMAT STATEMENTS

Subroutine DERIV

The integration routine DGEAR calls subroutine DERIV, which
defines and evaluates the derivatives of the second order linear differ-
ential equation system (Eqs. 47 and 48).

2.00 DEFINE DIELECTRIC AND FIRST DERIVATIVE VALUES

This section evaluates FDRV and DREL based on the present

radial position used by the integration routine DGEAR.
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2.20 EVALUATE BERIVATIVES
Compute one of the following first order differential
equation systems for a given mode type:
TEm,n and TMm,n modes : equation 77
TMO,n and TEM modes : equation 80

TEg n modes : equation 83.

8.00 TERMINATION

9.00 FORMAT STATEMENTS

i

Subroutine PARDRV A
e

X

Subroutine PARDRV is also called by the integration routine DGEAR ?
and it evaluates an N X N Jacobian matrix of partial .derivatives. _f
L]

(N
2.00 DEFINE DIELECTRIC AND FIRST DERIVATIVE VALUES :%
o

This section evaluates FDRV and DREL based on the present o

radial position used by the integration routine DGEAR. o
R}
2.20 EVALUATE PARTIAL DERIVATIVES o
P,
Compute one of the following first order partial differen- ﬁf

[ 3

tial equation systems for a given mode type: 1,

™
. 0
TEm,n and TMm,n modes : equation 84 5
TMO n 8nd TEM modes : equation 85 "

mod : 86.

TEO,n es equation 86 N
8.00 TERMINATION ::’
»

1Y

9.00 FORMAT STATEMENTS

'-

A
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Function FNCT1

r— T TR Tew——
A 84 _aa o g 2 WPV OO O T OT TR TR T T

The zero finding routine ZREALl calls FNCT1,

functions for which the roots of the TEO,n’ TMO’

are found.

1.00

3.00

3.50

4.10

8.00

9.00

Function FNCT2

which defines the

n (n » 1) and TEM modes

INITIALIZATION

Initialize variables used in the calling argument of the

integration routine DGEAR. Also, set initial conditions

for one of the following mode types:
TMO n and TEM modes : equation 89
»

TEO n modes :

equation 91.

CALL DGEAR

The integration routine DGEAR is called.

SET UP FOR NEXT DIELECTRIC SECTION

If a ™y , ©OF TEM mode type is chosen, set equation 73 r

4

DEFINE FUNCTION STATEMENT FNCTI1

According to which mode type is chosen, evaluate one of the

following equations:
TMO,n and TEM modes : equation 93

TEO n modes : equation 94.

TERMINATION

FORMAT STATEMENTS h

The N

defines the function for the roots of

4".- o
- ‘f f

1 I'\ !'1 XY -(' 'y "n’i‘l."'. oL

dimensional minimization routine EOQ4JBF calls FNCT2,

m,n and TMm,n

which

e S

the TE (n ? 1) modes.
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8.00

9.00

Subroutine NORMAL

INITIALIZATION

Initialize variables u:cd in the calling argument of the
integration routine DGEAR and equation 87.

CALL DGEAR

The integration routine DGEAR is called.

SET UP FOR NEXT DIELECTRIC SECTION

Compute equation 72.

DEFINE FUNCTION STATEMENT FNCT2

Evaluate equation 95.

TERMINATION

R, 5T )
Hligcar oy v 8-

FORMAT STATEMENTS

.
s

-
R

Subroutine NORMAL normalizes the field components of a given mode.

2.00

_4

COMPUTE SPLINE COEFFICIENTS
Compute the spline interpolation of the field components
for one of the following mode types:
TEm,n and TMm,n modes : Er’E¢’Hr’H¢
TMO,n and TEM modes
TEO,n modes
TRANSVERSE COMPONENT INTEGRATION

Using the integration routine DCADRE (which calls Function

CXINT), equation 68 is computed.
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4,00 NORMALIZE FIELD COMPONENTS
Normalize the field components of the chosen mode by divid-
ing by the square root of the computed integral in section
3.00.

8.00 TERMINATION

9.00 FORMAT STATEMENTS

Subroutine ORTHO

Subroutine ORTHO computes the orthogonality between two chosen
modes.,
2.00 OUTER FREQUENCY LOOP
Compute orthogonality at L multiple frequencies.
3.00 INNER LOOP TO EVALUATE ORTHOGONALITY BETWEEN TIWO MODES
Determine which pair of modes (Kl’Kz) are to be evaluated.
4,00 COMPUTE SPLINE COEFFICIENTS
Compute the spline interpolation of the field components
for one of the following mode types:

TEm,n and TMm,n modes : Er’E ,H ,H

¢t $
TMO.n and TEM modes : Er’“¢
TEO,n modes : E¢’Hr'

5.00 TRANSVERSE COMPONENT INTEGRATION
Using the integration routine DCADRE (which calls Function
CXINT) on equation 68, orthogonality is computed.
6.00 END OF INNER LOOP

7.00 END OF OUTER.LOOP
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8.00 TERMINATION

9.00 FORMAT STATEMENTS

Y320 .Y )

:’3 Function CXINT

! Function CXINT 1is called by the integration routine DCADRE and
. defines the argument of Eq. 68.

‘g 2.00 EVALUATE SPLINE COEFFICIENTS

;g Evaluate the spline coefficients for the field components
N of one of the following mode types:

E TEm,n and TMm,n modes : Er'EO’Hr'H¢

{? TMO,n and TEM modes : Er,H¢

t TEO,n modes : E¢’Hr' -

'3 3.00 DEFINE ARGUMENT FOR NORMALIZATION

;3 Based on whether k, is real (propagating) or imaginary
i (nonpropagating). compute omne of the following arguments
5 for equation 68:

5 kz real : ErH¢ - E¢Hr

si kz imaginary : E¢Hr - ErH¢ .

;" 4.00 DEFINE ARGUMENT TO COMPUTE ORTHOGONALITY

E, Compute arguments of equation 68 based on one of the fol-
i lowing cases:

ég 4.10 MODE 1 PROPAGATING, MODE 2 PROPAGATING

;: k, for both modes is real; define ErH¢ - E¢Hr

j; 4.20 MODE 1 PROPAGATING, MODE 2 CUTOFF

}E k, for mode 1 1s real and imaginary for mode 2; define

o EH. - EH,

:
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4.30 MODE 1 CUTOFF, MODE 2 PROPAGATING

kz for mode 1 is imaginary and real for mode 2: define

.’

Er“¢ - E¢Hr
4.40 MODE 1 AND MODE 2 CUTOFF

he,

he

k, is imaginary for both modes; define E¢Hr - ErH¢
8.00 TERMINATION

9.00 FORMAT STATEMENTS

§2Proutine DPLOT

Subroutine DPLOT generates the field plots for a given mode which

can be processed into making hard copy printouts.

4.2 Process for a General Dielectric Profile

The two major tasks in the program concern finding the propagation
constant kz (and where appropriate, o) and corresponding field compo-
nents for a desired mode. To accomplish this, the second order differ-
ential equation system (Eqs. 47 or 48) must be integrated in the radial
coordinate across the dielectric profile. For a dielectric profile free
of any discontinuities, there is a single integration from the inner to
outer conductor radius. If there are N discontinuities, then integra-
tion must be performed N + 1 times.

The dielectric profile is originally defined at discreet points.

As the integration is teing performed from the inner to outer conductor

radius, a point may be choeren by the integration routine at which the
dielectric is not defined. Thus, before the integration is carried out, hy

cubic spline interpolation is performed to generate a smooth curve for

- 51 - o

A \'.-‘_ S R A L Tt WO N PR
N}'\. \ \u" :~\::. :..‘.. Tty '.'*-‘ftl"i'.--'\ - LY

r.,gl\. qnb..' ~-1\ ’{}.\ 5 ‘}J” S .Q( ‘!._'_ }‘rj'.\'-'._&.\'h}\' !}:
et

Y S

: mw%‘mmu?m& ;




.

E the dielectric. A discussion involving the theory of cubic splines used :;
E in the program is presented by de Boor.“ The interpolatory subroutines ».
.- used are presented in Appendix A (Section A.5). Once the interpolation :
: has been completed, integration may proceed as before. For a dielectric 33':
i profile free of any discontinuities, the standard cubic spline interpo- i
R lation 1s performed. If the dielectric profile is discontinuous, the
‘:' standard spline approach generates a large "ringing” in the vicinity of :
\:\‘Z the jump. The approach taken in solving this problem is described in 5‘
%
0 Appendix C. '_
-' Once k, has been determined for a given mode, the field components ’
e as a function of r need to be generated. The integration routine used b
: to integrate the field components from the inner to outer conductor is C
;S the same as that used in the "shooting” method to find kz (and a). :
5 Again, cubic spline interpolation must be used on the dielectric profile
;’ in order to carry out the integration. b
-~ ;
:' 4.3 Finding a Mode f
! y In order to find the mode propagation constant kz and resulting ‘f
‘: field patterns for a given mode, an initial guess for kz must be pro- :
:? vided. Whenever a dielectric different from air 1is introduced into a
:.: waveguide, the cutoff frequency of a given mode is lowered with respect "
.‘E to that of air. This is due to the fact that electromagnetic waves
\:: travel at a reduced velocity governed by the following equation: ‘

: - c. = T€=r (96)
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c¢_ = speed of light in dielectric

¢y = speed of light in air

€_ = relative dielectric permittivity
With this fact in mind, the initial guess for k, falls between the
values of kz in the limiting cases of € = erZ = 1 (air) and €, =€

1 1 r2
= desired relative dielectric permittivity,

k,a = mode propagation constant for erl = efz =]

= € = € =
kzh mode propagation constant for el 2 desired dielectric
value
As mentioned in Section 3.2, an additional guess for the dimensionless
parameter @ is required for TEm,n (HEm,n) and TMm,n (EHm,n) modes.
To evaluate the geometry of Fig. 3A for a chosen dielectric pro-
file, one must “build up” to the final desired dielectric profile. This
is achieved by starting with erl - €t2 = 1 and gradually perturbing the

system by increasing the value of €_, and/or €. This is schematically

rl 2°
shown in Fig. 4. The initial guess for k, at the Mth step is based on
Eq. 97, where k,), is the mode propagation constant for the homogeneously
filled coax with the current dielectric value. For the m # 0 modes, the

initial guess for a at the Mth step is set equal to the final value from

the previous step,’



X,
§
)
1
€rt €r2 =1
\\\\\//////

r™MiD rouT
.’. 1
;l
"
; -
")
:n €r2
N
¥
"
. "IN MID FOUT-
g M
2 .
v
% [
<
¢ °
! \ €r2
>
& rMID rout
.
L] N

G2214104
)
o
; Fig. 4. "Build up” process to evaluate the two dielectric profile.
i
)
ﬁ:,s
::' - 54 -
§)
4
Sﬁi """ 4*{««-\6,&«5«, oo *’«"V‘I“..k‘v‘;jt*‘.{ﬁﬁ 4--.»~ el "?y.: EhNeR R
----- AL CEL AR " “ "

P *."!! LN ,.' ”5 0ol “ KA o’!ﬁ Wy ARSI ! 5535 WS SRR ‘5‘:“ i‘q"e,"ﬂk"&"‘l e

L%
b ¢
1Y
\
»

- o,

'i

-
N :M:
\

el ‘.,




YUY OT T T T T T Y

a =a (98)

When m = 0, a one-dimensional zero finding routine (ZREAL1, Section A.2)
is used to find the zero. When m # 0, a two—dimensional minimum finding
routine (EO4JBF, Section A.3) 1is used to find the minfmum. 1In this
second case, a relatively poor initial guess for %k, Or a will nudge
EO4JBF towards an undesired minimum. In particular, the initial guess
for a was critical. This result was found empirically by running the
program and observing the affects of varying a. Conversely, for the m =
0 cases, the initial guess for k, was not as critical.

To have any confidence that the final value of kz at the Mth step
represents the desired mode, certain conditions are examined. The first
condition requires that k, fall between the limits of k5 and kzh, as
specified by Eq. 97. If this is not the case, then the program has
unwittingly “walked"” to another solution. The next check 1involves
examining the evolution of the field plots from the air filled case to
the present dielectric profile. Characteristics which should be scruti-
nized include:

1. The number of zero crossings

2. Conformance to the boundary condition that the tangential

components of the electric field E and the normal components
of the magnetic field H at r = 3 and r = ¢ are zero

3. Relative magnitudes of similar field components

4, Poynting's vector peed

The last major criterion to be satisfied 1is orthogonality, which is

computed between the current mode of interest and another conveniently

~
4
..
-~
;._'i‘

S

chosen mode.
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L V. PRESENTATION OF RESULTS

. The geometry of Fig. 3A was examined for the following modes:
»

¥ ™y,,» TEy,;» TEM, ml’l(snl'l). The dimensions, dielectric profile
»: values, and frequency used for each mode were

[+

-

a = 1,0 cm

F

o b = 1.5 cm

L
b c =2.0cm

: etl = 1.0, 2.0

- =

; There are two cases presented for each mode:

" .
b

3 Case 1: €, =€ = 1.0

% ase 1: rl 2 .

4

L Case 2: erl = 2,0, er2 = 1,0

"

ﬁ

i)

-~ Both cases were evaluated at 32 gigahertz (GHz). For clarity, region 1
.

;S will refer to the dielectric region of erl’ and region 2 will refer to
. the dielectric region of € ,.

The total number of points at which the dielectric profile was

defined was 46. The points were equally spaced, except in the neighbor-
hood of the discontinuity (b = 1.5 cm). Here, points were concentrated
in an effort to increase the accuracy of the integration and when nor-
malization and orthogonality were computed. In determining the optimum

number of points to use, consideration had to be given to the cost,




R S REMPAIS ]SS

-

time, and numerical accuracy desired. The number of points chosen, 46,
gave good numerical accuracy while keeping the time and cost to a mini-
mum. Appendix E lists the values of the individual points,

Before proceeding, the results for each mode are presented below

(erZ is always equal to 1).

Hode Ky () :
TMO,I 1.0 592.99 ~
2.0 681.37 ~
TEO,l 1.0 589.09 ~
2.0 819.66 - ~
TEM 1.0 670.89 ~
2.0 916.37 ~
TMl,l 1.0 589.84 -3.72 E-8
EH) 1 mode 1 2.0 678.27 -7.33 E-2
EHl,l mode 2 2.0 815.32 -4.11

Sections 5.1 through 5.4 will compare/constrast the field component
plots for the ™y | TEO,I’ TEM, and 'I‘Ml,1 (EHl,l) modes, Trespec-
tively. Computation of orthogonality will be presented in Section
5.5. Two dispersion plots will then be presented and discussed in
Section 5.6. Finally, Section 5.7 will show the effects on the propaga-

tion constant kz as the dielectric ratio of erl to erz is varied.
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5.1 TMO,I Mode

The effect of the discontinuous dielectric profile at r = b is
readily apparent in Fig. 5 for Er' Notice that the magnitude of Er
doubles (as required for an inner to outer dielectric ratio of two)
along with the fact that the field lies primarily in region 2. As with
the air filled case (Fig. 6), there is one zero crossing in each case.

The Ez component distribution has evolved from being almost sym-
metric (Fig. 7) to primarily concentrated in region 1 (Fig. 8). Note
that E, 1s continuous at r = b (Fig. 8), but its first derivative with
respect to r is discontinuous. The boundary condition that E, be equal
to zero at r = a and r = c is satisfied in both plots.

Figures 9 and 10 depict the H¢ component for cases 1 and 2,

respectively., Case 2 (Fig. 9) shows H¢ continuous at r = b, with the

overall field distribution primarily in region 1 (as with Fig. 10).
Poynting's vector shows that for case 2 (Fig. 11), the energy

resides primarily in region 2, implying that most of the mode propagates

in this region. This boldly contrasts the energy distribution for case

1 (Fig. 12), which is slightly larger for region 1.
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5.2 TEO.l Mode

The E0 component shows that the field has shifted primarily to
region 1 (Fig. 13) from what was almost a symmetrical distribution (Fig.
14). In both cases, E¢ is equal to zero at r = a and r = ¢, and is

continuous at r = b,

The H_ component is similarly affected in that most of the field

% N YR S S 1 ST N A T

lies in region 1 (Fig. 15) 1in contrast to the air filled case (Fig.
16). The boundary condition that H, be equal to zero at r = a and r = ¢
is satisfied in both plots.

The H, component for case 2 (Fig. 17) continues the trend toward

concentrating in region 1. Although continuous at the dielectric dis-
continuity, the first derivative of H, with respeét to r is discontinu-
ous. Also, there 1is one zero crossing, as with the air filled case
(Fig. 18).

Poynting's vector fér case 2 (Fig. 19) shows that the majority of
the energy is in region 1 compared with the almost symmetrical distribu-
tion for case 1 (Fig. 20). Consequently, the TEO,I mode for the dielec-

tric profile of case 2 rropagates primarily in region 1.
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5.3 TEM Mode

Comparing Figs. 21 (case 1) and 22 (case 2) for the E, component

reveals that a greater percentage of the field lies in region 1 for case

2. The appropriate discontinuous jump at r = b is satisfied for case 2.

Theoretically, the TEM mode has no E, (or H ) component when

Lrl - ch - ], Figure 23 shows values for the air filled case which,

althcugh not exactly rero, are very small and reflect the accuracy of

the program. But, the values for Fig, 24 show unquestioned existence of

the E, component when Erl = 2. Here, a peak is reached at the dielec-

tric interface (r = b) where the field is continuous, but {ts first

detivative with respect to r is discontinuous. As required El is zero

at v = a8 and r = ¢,

The H’ component shows an {increased concent "atfon {n reglon |

‘F1g. 25) relative to that of the afr filled case (Ffg. 26). At r =

b, H. 18 continuous, although its first derivative with respect to r 1is

discontinuous.

Poynting's vector shows how the mode has evulved into propagating

almust entirely In region | (Fig. 27) compared tu that ot the air filled

case (Fig., 28),
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TEM MODE AT 22.0 GHZ, ER1-1
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5.4 T (EH | Mode
TR SR Y S

Here, there are two sets of answers when Erl = 2 signi:tving a

split of tbhe THl { ®mode upon hybridization. The plots for the hybric

ized modes are labeled EHl | mode 1 and EHl 1 mode I corresponding to

the kz values of 678.27 and 815.32, respectively. 1In the discussion, we
will simply refer to them as mode ! and mode 2.

The Er component for modes 1 and 2 (Figs. 19 and 3, respectively)
undergoes the required jump at r = b bv doubling in magnitude. Both
modes have one zero crossing, as with the T“l.l mode (Fig. 31}, But,
mode 1 has its field distribution concentrated in region 2, while mode
has {ts field almost entirelv in region 1. Note ;hat the Er component
for mode 1 1is from one to two orders of magnitude larger than mode 2
over most of the radial cross section.

The azimuthal electric fileld, EO' for mode 1 (Fig. 32) has evolved
into two positive peaks compared to the one positive peax for mode
(Fig. 33). Both modes ! and 2 have their fields concentrated in regfon
1, as with the THl.l mode (Fig. 34). 1In all the plots, E0 i1s continuous
at r = b and is zero at r = a and r = c. We further note that the t@

component for mode 2 is one to two orders of magnitude larger than mode!

over the radial cross section.
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r The E, component shows that for both modes 1 and 2 (Figs. 35 and
: 36, respectively), the field resides primarily in region 1. Note that
¢ mode 1 goes through a zero crossing. Along with the TMl,l mode (Fig.
37), all three plots satisfy the boundary condition that E, be equal to
zero at r = a and r = c as . well as being continuous at r = b, We again
o point out that mode 1 is an order of magnitude larger than mode 2 over
the radial cross section. This is consistent with the fact that the

magnitude of a (Eq. 49) for mode 1 18 less than that for mode 2, result-

¢ ing in E, being larger for mode 1.
Figures 38, 39, and 40 show the H, component for the TM1 1 mode, X

mode 1 and mode 2, respectively. We note the field distribution having

{ an increased concentration in region 1 for modes 1 (which goes through a
; zero) and 2. The H. component for mode 2 is as much as two orders of
- magnitude larger than mode 1 over the radial cross section. At r = a

and r = ¢, Hr is equal to zero for all three modes, as required.

-? As with the H,. component, H¢ shows a majority of the field resid-
: ing in region 1 for modes 1 and 2 (Figs. 41 and 42, respectively). Note
:‘ that mode 2 does not have a zero crossing unlike mode 1 and the 'I‘ML1
.N mode (Fig. 43). All three modes are continuous at r = b. Here, the H¢

component for mode 1 1s an order of magnitude larger than mode 2 over
;; the radial cross section.
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Fig. 35. ™, mode at 32 GHz, ERl = 1; Poynting's vector EH .
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Fig. 40. EHl,l mode 1 at 32 GHz, ERl = 2; Hr component.
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Fig. 41, EHl,l mode 1 at 32 GHz, ERl = 2; H0 component.
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CT:"; The fact that the magnitude of a is larger for mode 2 than for -
mode 1 is evidenced in the H, component (Figs. 44 and 45. respectively). N,
3
o The field distributions are both concentrated in region 1, but the mag- "
= ]
: nitude of Hz for mode 2 is larger. Along with the TM1 1 mode (Fig. 46), X
~ ’ N
<
’. all three modes have one zero crossing and are continuous at r = b. '
e Finally, the overall affects of the dielectric profile on modes 1 b
T )
3 and 2 are summarized by examining the cosine (Erﬂ¢) and sine (Ecpﬂr) :;
ha
:'_ terms of Poynting's vector. The cosine term for the M, ;| mode (Fig. S
» L]
%
._' 47) shows initially that most of the energy lies in region 1. The sine 0
) W
\" ¢
::: term for the 'I'MI’1 mode (Fig. 48) shows a slightly greater concentration £
oy '
\." of energy in region 1. Similar to the ™ mode, the cosine term for #
" s ol
L -
o mode 2 (Fig. 49) has an even larger fraction of energy residing in N
',{: .
:"_-: region 1, and its sine term (Fig. 50) has almost all of its energy in 2
9‘, region 1. However, mode 1 shows behavior that contrasts that of the N
g ™; mode and mode 2. Figure 51 for mode 1 shows that the majority of 5
L&Y ’ .
::: the cosine energy term resides in region 2, The sine term of mode 1 b
(., Y
5 (Fig. 52) has its energy primarily in the peak of region 1, but the o
0
oy magnitude is negative. ¢
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Pig. 44. Bﬂl,l mode 1 at 32 GHz, ERl = 2; Poynting's vector E’Hr.
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Fig. 46. E:Hl" mode 2 at 32 GHz, ERl = 2; E’ component.
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- 108 -

g ML N O -
?: \'-I‘.' \'-r‘./-/- .- .-".-'. .-:

......

N‘f\“"" - ..! ..;"'. ..'.". ;. \*AA‘ f:&.&}&éé:ﬁ;ﬁ&




»

, St

s 1y

- -,
p i AP

A

st
2 3

"

".l‘qh ) “". 0 .. O,

aw R .,(.,

EH 11 MODE 2 AT 32.0 GHZ, ER1-2

g POYNTING'S VECTOR- ETxHR

3

: 8)

St

2 /
g4 -
i

T

8

il / \

N
9.00E-03  1.20€-02 m:ms::-gs r1on }ﬂgg:_z 2.10E-02
Fig. 50.

EH mode 2 at 32 GHz, ERl = 2; H_ component.
1,1 z

- 109 -

ARy \"\‘-\‘F SR IR
- ) ) N
% .*,.\)-,*}‘.\‘ : »

;

-
. b y ‘h -',.-
2 .q.‘ N . “' \'"\?* . ‘

ALl ';"l:"l

2.40E-02

"\r?_-r"o‘

. e W N T LY
.“ }\3\\ F(‘ 3"\.‘ . e *. \.""ﬂ ':,\"‘-."\ ‘-"'
AN g “ LS

oYy
N

e
L W)




,....li - > o . . - ;,., - Ll ; . > o A s - 3o 2 . . ’ o ... ~ e
GESEIIE | 00 SR W et I A Bl R0 | Ee s

LR T W8 [ S SRS R R &

2.40E-02

rﬂ¢.

2.10E-02

\
1.80E-02

- 110 -

\
\
1.S0E-02

POYNTING'S VECTOR- ERwHT
RADIAL POSITION -METERS-

/

\
1.20€-02

Eﬂl.l mode 2 at 32 GHz. ERl = 2; Poynting's vector E

EH 11 MODE 1 AT 32.0 GHZ, ER1=2

\

\
\
Fig. Sl.

7

9.00E-03

€0+300°S €0+300°% £0+300°C £0+300°C £0+300°1
30NLINOWM

e e s eme e, W o3 T TR e S WS L O GRS e EXRRAARSY | AIPAPRY, Yy ML g’



viRETImTYT T EsrsmTTme

N\
]

-

1t

Gl

~N [+ 4

] x \

98

Qi

e [+

o o

O B X

= g

n /

B

(1D | (=]
A Y
3 M“ o /
3 a. Jﬂﬂ

-4 /A

a—

I
) |79

1\\\&?\\\\

) A

00+30S°t 10-300°S 10-300°S~ 00+30S°1- 00+30S°2Z-
J0NLINM

MWL A

i
g

1.S0E-02 1.80E-Q2 2.10€-02
RADIAL POSITION -METERS-

1.20€-02

8.00E-03

$ T

EHl 1 mode 2 at 32 GHz, ERl = 2; Poynting's vector E H

Fig. 52.

- 11l -




5
»

-

PYELL0

w
oy
.

a

From examining the field component plots and the sine and cosine
Poynting vector components (which combine to represent the total net
flow of energy), we note that the TMl,l mode and mode 2 have similar
characteristics. While mode 1 is also similar to the TMl,l mode in some
respects, 1its energy distribution 1is quite different. Since sine and
cosine are functions which are 90 degrees out of phase, there will be
(for a given cross—-sectional plane) points in the azimuth where cosine
is zero and sine is not. Although the majority of energy for mode 1
propagates in region 2 in the +z direction, there are locations in the
cross—-sectional plane where there is a net flow of energy (~1.0 E-4) in
the -z direction (as a result of the sine-cosine relationship). This
behavior is analogous to the "back eddys"” created from water flowing
through a pipe containing obstacles., Unlike mode 1, the energy for the
™) mode and mode 2 propagates primarily in region 1 in the +z direc-

tion.

5.5 Evaluation of Orthogonality

Sections 5.1 through 5.4 presented the values for kz, a (where

appropriate), and field plots for the given modes. With every mode, kz

for the dielectric profile of €

=2 (Erl - 1) was larger than that for

rl
the air filled case. This 1s consistent with Eq. 97 of Section 4.2.

From Section 5.4, the magnitude of o showed that significant hybridiza-
tion had occurred for modes 1 and 2. The fact that a for the TMl,l mode
was finite (but very small) reflects the numerical accuracy of the
program. The boundary conditions at r = a and r = ¢ for the tangential

electric field and normal magnetic fileld components were satisfied for
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all the modes examined. The boundary condition that E. jump by a factor
of two (ratio of €. to erz) at r = b for case 2 was also satisfied.
Poynting's vector has shown for each mode that a discontinuous dielec-

tric profile shifts the majority of energy to one of the two regions.

Thus, as previously noted, the mode propagates primarily in one

region. One further aspect that must be examined is whether the modes

in question are orthogonal.

Orthogonality was computed between the following pairs of modes:
TEM and TMO,I; 'I‘EC"1 and TEO,Z (chosen for convenience); EH; , mode 1,
and EH) mode 2. The results of Eq. 68 (Section 3.5) for each pair are
presented under columns 2 through 5 where the mode before the backlash

contributes the E. and E, components and the mode following the backlash

¢

contributes the H¢ and Hr components:
tEM and TMO,I
el TEM/ TEM TEM/TH, 1 ™, ,l/TEM ™, ,1/mo 1
1-0 1.0 1'22 E-7 1008 E-7 1-0
2.0 1.0 5.36 E-6 3.56 E-6 1.0
EFO’I and TEO,Z
o TEoa/™on B, TR, TEo2/TEo 1 By /TR
1.0 1.0 3032 E"7 8.62 E_7 100 r
2-0 100 -2-47 E-6 -4039 E_6 1.0

AR T T

i
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; EHI,I Mode and EHI.I Mode 2 ﬁ:f
o R
®rl  Mode 1/Mode 1 Mode 1/Mode 2 Mode 2/Mode 1  Mode 2/Mode 2
'-(‘
| 23
. 2.0 1.0 2.87 E-6 1.94 E-6 1.0 =
» ~\
\ —d
T
Theoretically, if two modes are orthogonal, then Eq. 68 1is exactly equal z
NG
to zero. The results show that for each mode pair, the computed values ::
3, \-‘-
X .
B of orthogonality are very small for both values of €.q° Furthermore, Y
columns 2 and 5 (which represent computation of self orthogonality) have u;
the value of 1 for each case of ¢ as expected. In light of these ﬁff

rl’

results, we conclude that the modes TMO 1’ TEO 1 TEM, EH1 1 mode 1, and

S
o

3 -

é EHl,l mode 2 are valid. ) <$
’ Sy
o ot
o 5.6 Dispersion Plots *;
X o .
Two dispersion plots, @ versus kz, are presented in this section
P f:-;
{5 for the following conditions: o
Py S
1: 5:
?‘ A v
= = &
P r1 2, r1 1 o
p. A
o Frequency range : 1.0-34.0 GHz o
/ !
N Figure 53 is a plot of the TMO 1» TEg |» and TEM modes. and Fig. 54 is a ~
’ ’ n
) ~__.:
* plot of the modes EH, | mode 1 and EH; , mode 2. 1In each plot, the y 5
N ’ 4 ‘ -
ol axis (w) has been normalized by dividing by the speed of 1light {in A
T vacuum (co) and multiplying by the radius of the dielectric interface, b :;?
A IOA
?' (b = 1.5 ecm). Upon multiplying the x axis (kz) by b results 1in both }'
\ '\' o
i) » 2
& axes being dimensionless and of the same order of magnitude. Thus, the Ny
&
'.I )
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QISPERSION OF STEPPED DIELECTRIC PROFILE
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Fig. 53. Dispersion for a stepped dielectric: g_-(
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Fig. 54. Dispersion for a stepped dielectric:
E:l@ll,1 mode 1, sul’l mode 2.
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x and y axes are labeled kzb and kb (where k = wcal), respectively. A
negative value of kzb represents the propagation constant when it is
cutoff (imaginary).

Beyond a certain frequency for a given mode, both plots reveal
propagation between the two velocity of light curves v = o and v = e
(for the dielectric profile of € =€ ™ 2). For the mode in ques-
tion, this implies that the fraction of the total energy which propa-
gates in region 2 is a slow wave mode (below v = co) and the remaining
energy which propagates in region 1 is a fast wave mode (above v = ce).
Thus, the mode propagates with an overall kz that lies between the kz
for the air filled region (region 2, v = co) and the kz for region
2 (erl =2, va= ce). This is precisely Eq. 97 -pfesented in Section
4.2. Hence, the dispersion plots reinforce the validity of the modes
examined for the dielectric profile of erl = 2 and €0 = 1.

A connection can be made between the asymmetric behavior of the
mode as the frequency goes to infinity with the distribution of the
energy from the analysis of Poynting's vector. For a mode that is
concentrated in the dielectric (TEO,I’ TEM, EHl,l mode 2), the disper-
sion should approach the v = ce line. Conversely, for a mode that is
concentrated in the vacuum region (TMO,I’ El-ll’1 mode 1), the dispersion
should approach the v = ¢y line. This appears to be the trend for the

data in Figs. 53 and 54.
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5.7 Effect of the Dielectric Profile on kz

The effect on the propagation constant kz by varying the dielec-

tric ratio of etl to Erz from one to two at 32 gigahertz, is examined in

4

N this section. As in Figs. 53 and 54, k, 1s normalized by multiplying by

"

’ bo

-, Figure 55 shows how modes 1 and 2 split as the dielectric ratio

. increases. Although the modes are orthogonal to one another at each

Y value of the dielectric ratio, there is generally a slow increase in the

;3 magnitude of the computed values as the ratio becomes larger. ;ﬁ
b )
[, by
| r1/®r2  Mode 1/Mode 1 Mode 1/Mode 2 Mode 2/Mode 1 Mode 2/Mode 2 o
{ S
¥ 1.2 1.0 -5.10 E-8 -2.80 E-8 1.0 3‘

o ,-~
. 1.3 1.0 2.51 E-8 4.61 E-8 1.0 oy
- gt

1.4 1.0 3.58 E-8 4.51 E-8 1.0 e

o 1.5 1.0 9.50 E-8 1.04 E-8 1.0 o}
Ic«;- W
4 1.6 1.0 1.20 E-7 1.32 E-7 1.0 o
o) "2
? 1.7 1.0 1.14 E-7 1.45 E-7 1.0 —
b 1.8 1.0 1.82 E-7 2.35 E-7 1.0 A
f' } ‘.-
,j 1.9 1.0 1.86 E~7 2.53 E-7 1.0 ::
"\} -

= 2.0 1.0 2.87 E-6 1.94 E-6 1.0 Bl
gl " ¥
f This degradation 1is principally due to the "ringing” which becomes “g
™, o
j" larger at the dielectric discontinuity. The consequence is an increase '
i )

,y in the errors of the solutions which, in turn, affects the orthogonality :"
" N
‘;' computations. .
- -
‘h: ("
.K. {‘,
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VI. CONCLUSION . i )

: 2
. 6.1 Advantages and Drawbacks ]
X The direct integration approach formulated in Chapter 3 has vari- ;i
N

E* ous advantages over the traditional modal expansion. First, the TEM {;é
' mode can be examined for a discontinuous dielectric profile (as was done “ﬁ
for Fig. 3A). The second order differential equation systems for the Eﬁ

h m# 0 and m = 0 modes (Eqs. 47 and 48, respectively) were derived inde- :”

pendently of the dielectric profile. As a result, each differential
equation system can evaluate a general dielectric profile (which could

be a combination of stepped and linearly graded sections). This charac-

)
¢
f
)

53
k. —3
teristic 1s quite unlike the modal expansion approach where the size of :
59 ('.h ‘
) the dispersion determinant varies as the square of the number of steps, )
k] l‘.
) o
and therefore the determinant grows in complexity and size in accordance ?{
with the complexity of the profile. Unlike the dispersion determinant, e
x -
g Eqs. 47 and 48 involve no Bessel functions. Hence. the computer program -
¢ r'::
& does not have to evaluate Bessel function expansions, therefore allowing Q#
a Pr.e
the investigation of modes that are near cutoff (nonpropagating). The :Q
W
W .
1 success of this technique is illustrated by the solutions obtained in Y
\ LIS,
) Chapter 5. r:‘
As noted in Section 4.3, the m # 0 modes (TEm n and TMm n modes) -
X ’ ’ )
) L%
Mz had a tendency to "walk” to an undesired solution for k, and @ if the E:‘
2 2
:: initial guesses were relataively poor. Also, the time involved in ﬁst
> finding a solution to an m # 0 mode was a factor of five or more slower ;1
.- :\.' !
- than the m = 0 modes. ey
» ™
A o
v k.
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L 6.2 Future Goals and Applications

The formulation in Chapter 3 was derived with the permeability of
0y the dielectric to be that of air (uo). A natural extension would be to
o~ incorporate a permeability profile u(r). Also of interest would be the
addition of a complex permittivity € * (r) to the formulation and inves-
k' tigating the complex propagation constant k, for various lossy dielec-
-)\ tric profiles. Finally, work needs to be done on the zero finding logic

to improve the speed of convergence of kz for a for the m # 0 modes.
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APPENDIX A

NUMERICAL SUBROUTINES

The following subroutines were provided by the IMSL® and NAG®
libraries, which are collections of mathematical and statistical sub-
routines written in FORTRAN. Following the name of each routine will be
the library from which it was taken.

The routine DGEAR is used to integrate the second order differen-
tial equation systems (Eqs. 47 and 48). The zero finding in the shoot-
ing method is performed by ZREAL1 and EQ4JBF. Evaluating the integral
(Eq. 68) of the solutions to perform normalization and the orthogonality
tests is carried out by DCADRE. The routines ICSEVU and DCSEVU are used
as utilities to generate and evaluate spline approximations to the given

dielectric profile and the final solutions to the field components.

A.1 DGEAR (IMSL)

This routine is used to integrate Eqs. 47 and 48 in the “shooting
method.” The solution to a system of first order ordinary differential
equations of the form y' = f(x, y) with initial conditions can be solved
by DGEAR. The basic methods taken in obtaining solutions are of the
implicit linear multistep type. There are two classes of such methods
available to the user. The first is the implicit Adam's methods (up to
order twelve), and the second is the backward differentiation formula
methods (up to order five) also known as Gear's stiff methods. We used

the second method. With either case, an algebraic system of equations
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must be solved at each step where a variety of corrector iteration
methods are available for use.

To evaluate the first order differential equation system, DGEAR
must call on two subroutines provided by the user. The first sub-
routine, DERIV, defines and evaluates the first order differential
equation system Y',Yé, cocy Y; given N (the number of first order dif-
ferential equations), x (the values at which to evalute the equations,
and Yl, YZ’ ceey Yn (the integration variables). The second subroutine,
PARDRV, defines and evaluates the Jacobian matrix of partial deriva-

tions.

A.2 ZREAL1 (IMSL)

The routine ZREAL1 is used to find the zero for the TEM, TMO,n’
and TEO,n type wodes. This routine finds the N real zeros of a single
argument, real function subprogram F(X) which is supplied by the user.
Upon supplying X with N initial guesses X; Xz, oo Xn, the subroutine

uses Muller's method to locate the N real zeros of F(X). The solutions

to F(X) = 0 are returned in X.

A.3 EO4JBF (NAG)

The routine EO4JBF is used to find the minimums (kz and a) for

ATRRAYS - -4

TMm,n (Eﬂm,n) and TEm,n (HEm,n) type modes. This routine employs a

comprehensive quasi-Newton algorithm for finding:

R A
ot
e, .

%

1. An unconstrained minimum of a function of several variables.

s

e
\_“ .‘.

T

2. A minimum of a function of several variables subject to fixed

upper and/or lower bounds on the variables. No derivatives
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are required, but the user may specify continuous first and

second derivatives (the routine will usually work when there

are occasional discontinuities).

A function of N variables F (xl, Xos soes xn) is minimized subject

to the constraint,

for § = 1, 2, ..., N, where lj is the lower bound and Uj the upper
bound. The user must specify a starting point and an external function
subroutine FUNCT to calcualte the value of F(X) at any point X in N

dimensional space, where X = (x s Xpy oes, X ). The function subroutine
1 2 n

FUNct defines and evaluates the function which is minimized,
FC = F(XC(1), XC(2), ..., XC(n))

where XC is an array of dimension N, which contains the current point of

evaluation. Special variables that need to be defined are:

STEPMAX ~- specifies an estimate of the Euclidean distance between
the solution and starting point
FEST -~ gpecifies an estimate of the function value at the

minimum

IBOUND ~— specifies whether the problem was constrained or

bounded

BL -- array of dimension N containing the fixed lower bounds

Ly
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-- array of dimension N containing the fixed lower bounds

ry o -
AR ."o'

Us

The user must also supply the subroutine MONIT with proper parameter

P s
4y

list. If desired, MONIT can be used to monitor the minimization

I3

y

OO
+ RE L

PR

process. Subroutine EQ4HBF (from the NAG library), which computes the

finite difference intervals for input to EO4JBF, was modified. Nor-

=)

mally, using machine accuracy in 1its computations, the accuracy of

-

EO4HBF was altered to that used in subroutine DGEAR.

A.4 DCADRE (IMSL)

- ..'.‘. #; .{v"."-".".“:v_!’v

A
| SN

The routine DCADRE 1s used to integrate the solutions to Eqs. 47

and 48 to normalize the field components and to.check orthogonality.

LY

e
o

Numerical integration of a function using cautious adaptaive Romberg

A ] AN

extrapolation is performed. 1In many instances, DCADRE can handle jump

-t

discontinuities. The user must supply a single argument, real function

subprogram F(X).

A.5 1ICSCCU, ICSEVU, DCSEVU (IMSL)

-
]

e

The routines ICSCCU, ICSEVU, and DCSEVU are presented together,

.
»

r
.
y Y

.

since they are all involved in the cubic spline interpolation of a given

1 g /
b‘*’.” ..' .A' -.' :' 5,

R

set of points. The interpolatory approximation to a set of points by a

wex
»
&
%

cubic spline 1s performed by ICSCCU. The endpoint conditions are deter-

mined automatically. Input to the routine requires the number of points

.
"ull‘l

1.9

N, a set of points xj, where L < X441 for 1 = 1, 2, ..., N, and a

. Ll a
SA4548N

corresponding set of ¥y (functional) values for {1 = 1, 2, ..., N.

]
a

Evaluation of the spline coefficients generated by ICSCCU is performed
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-
LR AR

NARNRE 1oV




L ol e e s it s a2 d a b i ate g ot ALE AT AEA ALA AL B A i
- T W T WP e

by ICSEVU. Input to this routine requires the set of spline coeffici- ‘

ents and points where the spline coefficients are to be evaluated.
Evaluation of the first and/or second derivatives of a cubic spline is .
performed by DCSEVU. Input to this routine requires the interpolated -
spline coefficlients and the points at which the first and/or second
¢
derivative should be evaluated. y
)
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5 Y
N, A
R APPENDIX B N
iy :
s NAMELISTS \
. 1
oy The folowing namelist definitions are input variable files that ,
Z: the user specifies before the program is executed. Before proceeding, i
J 1
we define the index variables used in the arrays:
il "
oS I — radial position o
=3
” J -- mode ’
:
n K -- mode Y
.;::. :"
&’ L -- frequency e
b~ 3
IH\ :'.
i NLORTHO -— orthogonality control . il
. o
:: t
*3 Variable Name Default Function i
% ==L 2n — ol
i. LORTHO FALSE Subroutine ORTHO activated
,'. LTEST(J,K) FALSE Compute orthogonality between modes J, K ;
::: o
" n Mt
.:: NLFRE -- frequency data control
:) FRGLOW 8.0 E+9 Frequency at low end of desired band -
N FRHIGH 12.0 E+9 Frequency at high end of desired band W
" L3
- . J
:: NFRE 1 Number of frequencies at which to evalu- >
‘e ate desired modes I
5::: NLGEO -- geometry and dielectric control ::
0% A
> RIN 1,0 E-2 Inner conductor radius (meters) ;’_‘
' RMID 1.5 E-2 Radius of inner dielectric region ¢
. (meters) ~
o) ~
b J NPTST -—- Number of points at which the radial ~
! profile is defined o
a‘ ] '
Q;l _.
h P4 [y
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-—— W W

DRELT(1) -— Value of relative dielectric permittivity
at ith radial position

XPAT(1) -— Radial position of ith point (meters)
LTAPER FALSE Generate a linearly tapered dielectric
profile

NLMOD -- mode control

MCIMX 1 Number of modes to be evaluated
MC2(J) 1 Azimuthal eigenvalue for TE; . and TM
, m,n
modes
LTM(J) TRUE compute k, and fields for ™ o and TEM
modes >
LTE(J) FALSE Compute k, and fields for TE, , modes
1]
LMX(J) FALSE Compute k and fields for T Em,n and TMm,n
modes
RKZG(J) -—— Initial guess for k,
RATIOG(J) -— Initial guess for o

NLPLT -- printing and plotting control

LPPLOT FALSE Generate field plots for the print file
COAD7P
LPRINT TRUE Generate output data for COAD7P
LDPLOT FALSE Generate field plots in subroutine DPLOT
LDFL : FALSE ith field component output plot generated
LDER FALSE Field component 1; E
LDET FALSE Field component 2; E¢
LDEZ FALSE Field component 3; Ez
LDDR FALSE Field component 4; D
LDDT FALSE Field component 5; D¢
LDDZ FALSE Field component 6; Dz
- 129 -~
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e

K N
‘!W .?
4 A
¢ C
LDBR FALSE Field component 7; B,
A b,
’ LDBT FALSE Field component 8; B¢ >l
R
LDB2Z FALSE Field component 9; B, E'
Ngt ¢
)
& LDHR FALSE Field component 10; H, i
L Yy
LDHT FALSE Field component 11; o,
* "g;
<ol ‘
3 LDHz FALSE Field component 12; H, ﬁ:
O R
! LDPC FALSE Generate plot of the Poynting vector Lﬂ
bo term E H 4,
ré¢ >
{ LDPS FALSE Generate plot of the Poynting vector g&
o] term E . H
' $r If‘:'z
] D
1™ .:"
L NLDGR -- DGEAR control variables !
- HTP 1.0 E-6 Next step size in x (independent vari- N
. able) §
‘: )
b TOLT 1.0 E-8 Relative error bound :J
)} ]
INDXT 1 Indicates the type of call to the sub- )
g routines called by DGEAR 33
\ .
3
t MITERT 1 Iteration method indicator =
2
. NLZRE -- ZREAL1 control variables
4 oy,
> EPS 1.0 E-5 Convergence criterion: a root, X(1), is e
3 acceptable if ABS (F(X(1))) < EPS '
n LA
- ‘-
4 NSIG 2 Convergence criterion: a root is accepted Y,
- if two successive approximations to a sy
: given root agree in the first NSIG digits R
v ITMAX 100 Maximum number of iterations 'iv

=

2 -’
-
Lol -

NLEO4 —— EO4JBF control variables

4

IJ"'

MAXCAL 560 Number of function iterations

Tl Y
L

XTOL 1.0 E-5 Accuracy to which the solution 1is desired

Y- r Yy v v .

)
A
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e FEST 0.0 Estimate of the function value at the
v&: minimum

STEPMX 1.0 E+5 Estimate of the Euclidean distance be-
tween the solution and the starting point

R an BL(1,J) -1000 Fixed lower bound for k,

oy BL(2,J) -100 Fixed lower bound for a
R BU(1,J) 1000 Fixed upper bound for k,

N BU(2,J) 100 Fixed upper bound for a

NLCAD -~ DCADRE control variables
A AERR 1.0 E-5 Absolute error of the zero

ERROR 1.0 E-S Estimated bound on the absolute error of
n the zero

a
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APPENDIX C

INTERPOLATION OF A DISCONTINUOUS FUNCTION

As mentioned 1in Section 4.2, a discontinuous dielectric profile
will generate a “"ringing” in the neighborhood of the jump if the stan-
dard spline approach is used. The approach described below is a modifi-
cation for a discontinuous function.

Let the range of the function be [a, b], with the given values at
Xy 1<1i<N, and x; =a and Xy = b. Let the values of the function at
x; be equal to Y. The standard spline coefficients for the interval
[xi, x1+1) are defined as ay, bi’ Cy» and d,, where the interpolated
function for x in the interval is given by

Y=a,  + bu+ 2, d 3 (c.1)
i il.l ciu iu .
where u = x - Xy Since the splines normally are continuous across the

interval [xi_l. xi), [xi, x1+1), the following must hold:

a + b

ML P CHE S A A

2 3
1—1(x1 -xg )T dy (kg - xi-l) =a; (C.2)

Therefore, a discontinuity may be introduced across an interval junction
by modifying the a; term only.

Introduce a discontinuity across the interval junction by defining
Y, as the value at the open end of the left interval and T; as the value

at the closed end of the right interval. Also, only let T; be defined
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for 1 contained in I, the set of interval junctions that are discontinu-

I ous., Next, define a new set of function values Z; by
).‘
o z, =Y, - ) (Tj - Yj) (C.3)

"¢ g

iy joi

"y By construction, this set of points is "smooth,” since the discontinui- f
L=
::::‘ ties have all been subtracted off. The standard spline coefficients are A
’-‘».: A
"': then calculated for these values. Finally, the discontinuity is rein-

ng troduced by modifying the constant terms a; to Ai’ !
e
0
L (T, - )

g A, = a - ) T, - Y (C.4)

' i i 371 hi k N ;‘
~ j>i ]
o Using this modified set of spline coefficients (Ai, bi’ s di) will Y
Y “

generate the correct step discontinuity across the interval junctions

and a smooth value for the function inside the intervals,

N

5

r -
oy &Ny Ty
N WY

-
- Y
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e
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: APPENDIX D %

! VARIABLE DEFINITIONS

The variables used in the main program and subroutines are pre-
¥ sented. For compactness, variables which are used throughout the pro-
gram will be defined only in the section where they first appear. The
variables listed for the subroutines are local. Section D.7 will define
N the variables set by the program and used in the calling argument of the

IMSL and NAG routines. Before proceeding, we define the index variables

¢ used in the arrays,
4
I —— radial position
. J —— mode N
. K -- mode
A L -- frequency
9
. D.1 Main Program (COAD7R)
-
X Titles and Headers ~-- used for output file purposes
; Variable
S i
: ___Name Function Type Units
i CFTIT Title for hard copy field plots Character —
- CMESS Label for hard copy field plots Character -
l‘ -
e CVERS Title used in the output print Character -—
e file COAD7P
R DATE Current date for in COAD7P —— —
P TIME Current time of printing for in
A COAD7P - -—
Y
15
LS
a
iy 2
!' o
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b Bt -V T DT TR T e et e mm e e e e e e 1
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)
Eg

7
e
$¥ Variable

e Name Function Type Units

.t
- Constants -— physical and numerical constants

5 PI102 n/2 Real -—-
(1%
Ty EPSO €. (permittivity of air) Real Farad meter !

! 0

" uo ¥y (permeability of air) Real Henry meter '
‘," -
s, VLIGHT ) (speed of light in vacuum) Real Meters s 1

25

KN

R Program Flow Control
.'a‘g' -

:ﬁ:’ K Mode index Integer

"':_: L Frequency index Integer -—

oy

E FREQ Current value of the frequency Real GHz

a ? L

: DELFRQ Frequency step Real GHz
SN

_:'f{' SRKZ(K) Sign of the final value of k, Real -

.‘r? for the kth mode
,. Dielectric Profile —— The following variables and arrays define and

" aid the processing of the dielectric profile

s

Y

£~ NJUMPS Total number of discontinuities Integer -

'3 in the dielectric profile

y \ NPTS Actual number of points Integer -—

o (NPTST-NJUMPS) at which the

ﬁ dielectric profile is defined

bl

X XPA(1) Radial positions at which Real -—

ey dielectric profile is defined;

N length that of XPAT(1)-NJUMPS

:E:’, DRELA(1) Defines dielectric profile, Real - '
Ty - length is that of DRELT-NJUMPS b
B -

DRELN(1) DRELN(1) = LOG, (DRELN(1)) Real -— 2

[o.1- ¢
',-E: DRELJ(1) Value of the "jump” at the ith Real -— $
R e discontinuity in the dielectric T
Ko

4’ ) i
;M

- :
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2 I
alal
.3

“a,

8
) Variable ‘
Name Function Type Units \
he DRATIO(1) Ratio of DRELA (I + 1) to Real — i
DRELA (1) at the ith discon- i+
o tinuity in the dielectric )
h. .
o AJUMP(1) Radial position of the ith Real Meters X
A discontinuity in the dielectric .
T2, 1
1JUuMP(1) Index of the radial position of Real -— -
o ith discontinuity in the
o dielectric :
l\ X
v DRELD(1) “Smoothed” dielectric profile; Real -— )
KA DRELD(1) - DRELT(1l) - DRELJ(1)
- DRELDS(1,3) Spline coefficients for DRELDS Real -— A
: at ith radial position 13
:'.t DRELNS(1,3) Spline coefficients for DRELNS Real - *
L at ith radial position :
g - -
f:f‘ Shooting Parameters -- Shooting parameters and related .
- variables computed by the program ‘;_
" {
De ROOTS(K) k, for kth mode Complex Meter ] d
34 RATIOA(K) @ for kth mode Real e 3
IN ]
3% RMIN(K) Final value of minimum in Real —- 3
L EO4JBF for kth mode 5
el i
), ORTHOG(L,J,K) Computed value of orthogonal- Real — '
:\_:'. ity between modes J and K at \
ok frequency L \
Dy« \3
*:f: N
0 Integration Variables —- The integration variables below
_ are defined in Section 3.6 Ly
[} " .
) ')'- .‘
<- YVAR(1) Yy Real -— -
s}: -
J :;: YVAR(2) Y, Real -— ¢
i YVAR(3) Y, Real -_— -
| A
YVAR(4) Y, Real - 2
YPRIME(1) Y] Real —- :
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&/ 11
g’." Variable '
oy Name Function Type Units
L -—
. YPRIME(2) Y) Real
N YPRIME(3) Y} Real _—
i":\.
s YPRIME(4) Y; Real -
€
i.": Field Components -- Field values as a function of r and related arrays
f-f."- used in processing the field components
-2
b W
,‘_t\ ER(I,L,K) E. at the ith radial point for Real Volts meter™!
e frequency L and mode K
W ET(I,L,K) at the ith radial point for Real Volts meter !
:"_?." f%equency L and mode X
o
'-';‘ EZ(I,L,K) E, at the ith radial point for Real Volts meter !
. ~ frequency L and mode K
W
~ DR(I,L,K) D, at the ith radial point for Real Coulombs meter 2
o frequency L and mode K
-4-::: DT(I,L,K) D, at the ith radial point for Real Coulombs meter 2
fgequency L and mode K
o pZ(1,L,K) D, at the ith radial point for Real Coulombs meter 2
ot frequency L and mode K
A
s -
‘:.: BR(I,L,K) B, at the ith radial point for Real Weber meter™?
;). frequency L and mode K
‘\-_,. BT(I,L,K) at the ith radial point for Real Weber meter 2
“\-'5 f%equency L and mode K
!-J -
el BZ(I,L,K) B, at the ith radial point for Real Weber meter™ 2
e frequency L and mode K
-.‘:- HR(I,L,K) H.  at the ith radial point for Real Amperes meter™!
o~ frequency L and mode K
. ).'\-_
3 ‘*' -
:‘5-. HT(I,L,K) H, at the ith radial point for Real Amperes meter 1
' fgequency L and mode K
a -
‘j HZ(1,L,K) H, at the ith radial point for Real Amperes meter 1
o frequency L and mode K
¢
vy
N
e
S
i
K
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Vel 'y
3 ti’. p

) M
. Variable Ei,
'# Name Function Type Units 5
11
* PC(I,L,K) Value of the Poynting vector Real Watts é
P component E. * H at the ith 'Y
radial point for'frequency L o
N and mode K -
a PS(I,L,K) Value of the Poynting vector Real Watts 4]
component E, < H_ at the ith %
Q radial poin? for frequency L X
: and mode K -
-‘ ‘-"'
0 FLD(I,L,K,N) Used in processing the field Real -—- S
al components; equivalenced to the &
Nth field component
“ .
h DRP(I,L,K) Derivative of D, with respect Real Coulombs meter'3 -:
"4 to r at the ith radial point ~
39‘ for frequency L and mode K "
g .
i ETP(I,L,K) Derivative of E, with respect Real Volts meter 2 S
5 to r at the ith¢radial point . N
L for frequency L and mode K .
", .
‘:- DTP(I,L,K) Derivative of D¢ with respect Real Coulombs meter > .S
- to r at the ith'radial point o
for frequency L and mode K
- '-
< ERDIFF(I,L,K) Value of the "jump” in E_ at Real  Volts meter™! e
- the ith discontinuity in the -
{ dielectric "
* y
B DTDIFF(I,L,K) Value of the “jump” in D. at Real Coulombs meter %
) the ith discontinuity 1n®the v
- dielectric
-
v DZDIFF(I,L,K) Value of the "jump” in D, at Real Coulombs meter™? 3
> the ith discontinuity in the 3
. dielectric _
4 -
‘: ERD(I,L,K) "Smoothed” field component E, Real Volts meter ! N
b ERD(I,L,K) = ER(I,L,K) - -
[ a ERDIFF(I,L,K) “uJ
'ty ;
) DTD(I,L,K) “"Smoothed” field component D, ; Real Coulombs meter ? o
o pTD(I,L,K) = DT(I.L,K) - ¢
.t DTDIFF(I,L,K) <
W ~
§~f DpzD(1,L,K) "Smoothed” field component D, Real Coulombs meter™? :
it pzp(1,L,K) = DZ(I,L,K) - N
~ DZDIFF(I,L,K)
X R
n':‘ -
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8 e 5 e et ke Jhnl St S S
A aca oo nl gl e b i ala e aids il abd abd ade akd 4 ) - K

.. .
\» *.
N Variable -
W Name Function Type Units -
At ]
. D.2 Subroutine DERIV h
o FDRV First derivative of the dielec- Real — .
N tric profile at a given point -
_'\ t
DREL Dielectric value at a given point Real —-— S
. - ‘X
:: FCTR1 Normalized value of r 1 Real —-— ¢
AR
Do, e,
jl FCTR2 Normalized value of ki Real -— N
) " €
o FCTR3 Normalized value of wzc 2 Real —-——- -
]
2. FCTR4 w? + 1 Real - b,
-, - ~
- FCTRS DREL™ Real —- s
G W
l‘h ¥.'
D.3 Subroutine PARDRV . 3
i .
= Processing and Control -- The variables FDRV, DREL, FCTRl, FCTR2, FCTR3, -5
FCTR4, and FCTRS are used here as in sub- N
- routine DERIV and will not be repeated. The o)
v following variables are defined in Section 3.6
)
o$
L8 PD(1,1) PD; , Real — B
X ’ N
., PD(1,2) PD; Real -— )
-, 4!
™ PD(1,3) PD Real —- -~
) 1,3 .
~ “\
N PD(1,4) PD) 4 Real -— )
.’ Y
~ PD(2,1) PD, Real _— 3
5 , %
\
4 [ »
- PD(Z,Z) PDZ,Z Real - ;
>, (X
- PD(2,3) PD; 3 Real _— <
w* <.'.
. PD(2.4) PD, 4 Real -~ =
; > ’
' PD(3,1) PD Real —-
3,1 0
=3 }_.:-
) PD(3,2) PD; , Real - o
. L,
v Yo 3
t,: PD(3,3) PD3’3 Real — L%y
s N
» 0
A -
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&; '
:)\ - 139 - =
¢ 4
8] <
A e T e e S ;5:'
NS SRS SR s : ; Ry s"\o'. A O
b iy 0N 9 »



! C
L}
Wl !
.
- g
N Variable
N Name Function Type Units a
(X
PD(4,1) PD, Real — ¥ ]
.\ ——— ..
:... PD(4,2) PD‘&,Z Real .._
o oo
l.. PD(6,3) PD4’3 Real -— :'
- PD(4,4) PD, 4 Real —_— E
._: F
- D.4 Function FNCTI1 4
A \: .
! XEND Normalized endpoint used by DGEAR Real -—-
K FNCT1 Functional value equal to one Real -—= &
:i of the following equations: .
-.'_ -
- L
., TMy , and TEM modes : equation 93 "
L5 » ﬂ"l?
U TEq , modes : equation 94 _ . 2
-, b4
. 23
.-‘: &
¥
j; D.5 Function FNCT2 R
4 M
W XEND Normalized endpoint used by DGEAR Real -— .
= FC Functional value equal to Eq. 95 Real -— 5
‘o D.6 Subroutine NORMAL 5
. A
) Spline Arrays -- The following arrays store the computed spline coeffi- ';
o cients generated by the routine ICSCCU and evaluated by &
N ICSEVU and DCSEVU. The arrays below are also used in )
- subroutine ORTHO and function CXINT. E
[~ y
A ERS(I,3,2) Spline coefficients for E_ at Real - '
N ith radial position 5
ETs(1,3,2) Spline coefficients for E¢ at Real -— :i
ith radial position ~
HRS(I1,3,2) Spline coefficients for H_ at Real — :
ith radial position v
*\: . d
j{ HTS(I,3,2) Spline coefficients for H¢ at Real —— »
¢: ith radial position .
) :
&
ks - 140 - A




Variable
Name Function Type Units

. D.7 IMSL and NAG Routines

N DGEAR
(%) )

o N Number of first order differ- Integer -—

- ential equations

& XP On input, XP supplies the ini- Real -—-
Y tial value and is used only on
:: the first call. On output, XP
(- is replaced with the current

) value of the independent vari-

. able at which integration has
¢ been completed
A%
:~ IWK Integer work array of length N Integer -
)

&
Z) WK Work array of length 4*N+METHT+ Real -—-
o MITERT -

2 ZREALL

’ EPS2 Spread criteria for multiple Real -—-

. roots

A
T?ﬁ ETA Used to restart a computation Real —-—

. when multiple roots are desired

,t

. EO4JBE

Y N Number of variables Real —

e INPRINT Specifies the frequency with Integer —

: which subroutine MONIT is to

- be called. There are three

i options:

e

3 IPRINT > O: MONIT called once

p every IPRINT iter-

ations

4,

b IPRINT = O: MONIT called at

" final point only

L

i IPRINT < 0: MONIT not called

2 at all

e i
X
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Variable

Name

LOCSH

.
*"941 RO S

Function

Specifies whether or not the
user wishes a “"local search”
(TRUE or FALSE, respectively)
be performed when a point is
found which is thought to be
a constrained minimum

Upon judicious choice for the
range 0.0 < ETA < 1.0, the
linear minimization process
is made more efficient

Specifies whether the problem
is unconstrained or bounded.
The options are:

IBOUND = 0: Variables are
bounded and the
user supplies Lj
and Uj

Problem is uncon-
strained and the
function FUNCT is
called N times

IBOUND = 2: Variables are
bounded

Specifies the actual dimension
of the NAG subroutine HESL
called by EO4JBF

Workspace array

Specifies the actual dimension
of IW as declared in the (sub)
program from which EO4JBF is
called

Workspace array of at least 9*N

Specifies the actual dimension
of W as declared in the (sub)
program from which EO4JBF is
called

-~
1 . «
Pl ¢ t,) Co? 7 %, ‘ Q‘ K

-, r,‘r" (T, AR A TSR RUr R SR
.' J,_w .(QS } "o $,‘4-“1 ‘. -1-,'( -I' -:.

.,

Type
Logical

Integer

Integer

Integer

Integer

Real

Integer
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Variable
Name Function Type Units

-
Cala

.

DCADRE

RERR Desired relative error in the Real -—
+ answer

b
,‘f‘f“'f SI

XA+ 5
N, "‘
L
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: APPENDIX E 3
) 5
‘ VALUES OF THE RADIAL POINTS b‘
: -
"
The values of the radial po’-ts at which the dielectric profile "
4
was defined for both cases in Chapter 5 are presented below (in centi- :5_‘
¢ N
meters): ..
b
s
[ r, = 1.0000 Tos 1.5000 ]
. r, = 1.0400 Tyg = 1.5010 _'!'a
ry = 1.0800 Top ™ 1.5050 »
<5
: r, = 1.1200 ry7 = 1.5075 i
: rs = 101600 t28 - 105100 ::'
4 ry = 1.2400 r30_-, 1.5175 "';
- rg = 1.2800 Ty, = 1.5200 iv*
P - ]
i rg = 1.3200 r3, 1.5250 .
rgy - 1.4000 Ty, = 1.5400
!‘12 = 104400 I'35 = 105600 :N)
- r3 - 1.4600 Tg = 1.6000 ‘E
R r15 = 104700 r38 = 1.6800 Ei‘
i T = 1.4750 Ty = 1.7200 ;,‘:‘-.
kel - = '
g = 1.4850 L 1.8000 :',
. &
\ r19 = 1010900 r‘.z 108400 '._‘
‘: Ty = 1.4950 Ty, ™ 1.9200 :\':
f; Tyo = 1.4990 Tys = 1.9600 ,.:_‘
r23 = 105000 r46 = 200000 e d
‘ "‘
X o
‘\\ i‘,:l
. o‘,t
‘ )
! ,"r
"‘\ .‘;:'
\ s,\‘
:7: o
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MISSION
of

Rome Air Development Center

RADC plans and executes heseanch, development, test
and selected acquisition programs in support of
Cemmand, Control, Communications and Intelligence
(C31) activities. Technical and engineering
Suppotdt within areas of competence is provided o
ESD Program Offices (POs) and othen ESD elements

to penform effective acquisition of C31 systems,
The ateas of technical competence Lnclude
commundications, command and contrnol, battle
management, Lnformation processing, surveillance
sensons, «ntelligence data collection and handling,
scled state sciences, electhomagnetics, and
rropagation, and electronic, maintainability,

and compatibifity.
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